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In this thesis, a simple and versatile ac~dc converter 
employing forced commutation is analysed with both R-L and 
separately excited dc motor loads. The analysis of such a 
converter with a motor load is lacking in literature. Equal 
pulse width modulation with five pulses per half cycle of 
supply voltage is adopted. Generalized state equations are 
derived for the’ converter circuit, modelling the switching 
devices "by binary logic modules. The modes of operation of 
the converter circuit and their sequence need not be known 
apriori. These are obtained by digital simulation. 

The speed~torque characteristics of a separately excited 
dc motor with equal pulse width modulation are obtained and 
compared with those obtainable from a phase controlled con~ 
verter showing the boundary between continuous and discontinuous 
conduction regions. The study reveals significant improvements 
with pulse-width controlled ac-dc converter. 

A novel firing circuit which is suitable for both rectifier 
and inverter operations is developed for implementing equal pulse 
width modulation. The firing strategy does not require commu- 
tating capacitor precharging while starting the converter 
initially. Experimental verification shows that there is 
complete agreement between digital simulation and experimental 
results, with regard tp modes of operation of converter circuit, 
speed-torque characteristics and supply power factor. 
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INTRODUCTION 

With, the advent of high power semiconductor switches and 
low power 10 technology, solid state speed control of a de 
motor is playing an important role in the variable speed 
industrial drive systems. Unlike an ac motor, a dc motor is 
basically a variable speed motor , with versatile speed-torque 
characteristics. The dc motor is therefore the most commonly 
used drive motor in industrial drive system where variable 
speed operation is required. The control module for a dc 
motor is relatively simple and less expensive. 

Thyristor converters are used for converting ac to dc. 

Phase delay control is commonly used in the thyristor converters 
to obtain variable dc voltage. These converters with phase 
delay control suffer from the serious drawbacks of poor dis- 
placement factor with increasing phase angle delays, Haitaonic 
currents are generated in the ao supply line. As a result, 
the supply power factor deteriorates considerably with 
increasing phase angle delays. Ripple is also produced in the 
output current. The output current may also become disconti- 
nuous. Filter chokes are inserted in the output of a thyristor 
converter in order to reduce ripple in the output current and 
eliminate discontinuous conduction (if any). The use of filter 
chokes is not desirable as this may result in low efficiency , 
high cost and poor time response. 
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Half -"Controlled converters ^ converters with astmmetrical 
control and sequence control [ 1 ] have come into existence 
specifically •with a view to improve poifer factor. Phase delay 
control is still used in such converters and the displacement 
factor is not very much improved* 

It is possible to keep the displacement factor or funda- 
mental power factor at unity if the supply voltage is switched 
symmetrically with respect to the peak of the supply voltage. 

Such a control technique is termed as 'pulse width modulation'. 
Since the supply voltage is to be disconnected before the 
voltage reverses, ac line commutation is not possible. In 
recent years, a new class of forced commutated thyristor 
converters emerged [2]. The modulation technique which is 

an alternative to phase control technique was selected based on 

1 

selective input harmonic elimination [ 3 ] , maximum supply power 
factor^ 4-] and continuous armature current conduction [4]. The 
converters used by different researchers were relatively complex. 
They are mostly suitable for rectification mode. However, a 
simple and versatile converter circuit was suggested by 
Eataoka [ 5 ]. The converter was analysed with only SL load 
to a limited extent. 
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la this thesis, the simple and versatile thyristor 
converter ■ circuit suggested by Katoaka has been taken up 
for a detailed investigation with both RL load and a 
separately excited dc motor load. Pulse-width modulation 
with several switching in each half cycle of supply vol- 
tage is considered. The supply displacement factor, dis- 
tortion factor, power factor, supply current harmonics and 
output current continuous and discontinuous regions are 
investigated for the pulse-width modulation. Section 1,1! 
deala with the content of the thesis chapter wise, 

1 . 1 OUTLINE OP THESIS 

Chapter II deals with the various power circuits for the 
implementation of pulse-width control scheme. The operation 
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of each circuit is described. Also the limitations of each 
circuit are pointed out. finally a power circuit which is 
simple and versatile has been selected for a detailed 
investigation, 

Abrol [6 J has compared the modulation schemes on the 
basis of their external perfomances with R-L load. As the 
equal pulse~width modulation has the maximum voltage variation 
range, the other performa^nces being quite comparable with those 
obtainable from other modulation schemes, this particular rnodu-* 
lation scheme is adopted. Modulation schemes for which the 
maximum output voltage is less than the maximum possible voltage 
(2 E^/tc) require a power transformer on the input side to 
achieve a speed control which is comparable to a modulation 
scheme having an output voltage range from 0 percent to 
100 percent. This increases the cost factor* 

Chapter III deals with equal pulse-width modulation for 
analysing the output voltage variation. Also the input line 
current has been analysed for a motor load using the actual 
current waveform. The boundary between continuous and dis- 
continuous conduction for five pulses in each half cycle has 
been obtained and plotted on a normalized speed -torque plane. 
For the sake of comparison , the boundary for the ha If -controlled 
converter with phase delay control is also given. The minimum 
inductance estimation for a given speed-torque characteristic 
for continuous conduction is explained. Operating diagram [ 7 ] 
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is developed for pulse-width modulated converter, supplying 
general load circuit parameters. Also minimum inductance 
calculation for continuous conduction with load circuit 
parameters is presented. 

The analysis of a particular converter selected on the 
basis of studies presented in Chapter II, is dealt with in 
Chapter lY with motor and R-L load. Equal pulse-width modu- 
lation is adopted in analysing the converter circuit digitally. 
The binary logic modules are used for representing the devices. 
The method of simulation does not require apriori knowledge of 
sequence of modes of operation of the converter circuit. The 
speed-torque characteristics are also obtained taking the 
commutation effect into account. The effect of 10 resonant 
time of the commutation circuit on the torque-speed characteri- 
stics is investigated. Turn-off characteristics of SCR' s 
and a3:*e also investigated. 

A novel firing circuit which can be used for rectification 
and regenerative operation (with slight modification in logic) is 
developed in Chapter V. The firing circuit has the self 
starting property (no necessity of precharging the commutating 
capacitor). The operation of the converter circuit is studied 
experimentally. The torque-speed characteristics and input line 
power factor (predicted theoretically earlier )are verified 
experimentally. Also, some of the steady-state waveforms 
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obtained by digital simulation are verified experimentally, 
There has been a good agreement between experimental and 
simulation results. 

lastly, conclusions are drawn and recommendation for 
further work are given in Chapter YI. 
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CHAPTER II 

1G~DG OOITVERTBR CIRCUITS USING PORCEU 
COMMUTATION 

2.1 INTRODUCTION 

Phase controlled converters have an inherent drawback 
of decreasing displacement factor as the firing angle is 
Increased, thus drawing large lagging reactive power 
corresponding to the fundamental current from the source. 

Since the supply current is non~sinusoidal, harmonics are 
also generated in the input ac lines. The supply harmonic 
currents produce communication interference, transmission 
losses, relay and equipment malfunctioning [8 ]. 

As a consequence of the above, a number of schemes were 
developed to improve upon the shortcomings. Most of the 
initial schemes involved line commutation, e;g, assymmetrical 
control[ 9 ] vise of freewheeling action[^0 control! 9 ], 

With the availability of high quality inverter grade SGR*s^ 
forced commutation schemes using pulse width control 

because prominent. The main advantage of pulse width contro- 

/ 

lied forced commutated converters is that the fundamental 
power factor remains unity irrespective of the output 
voltage. Also the frequency spectrum of supply current is 
shifted from the predominant lower order harmonics to 
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higher order harmonics "by a judicious choice of pulse-width 
control scheme. The higher order harmonics can he easily 
filtered out using inexpensive filters. 

The basic principle of pulse width control is shown in 
Pig, 2,1 . The main thyristors of the converter that are 
conducting are turned off once or several times in each half 
cycle of the A,C, line voltage to obtain a pulse shaped output 
voltage. The mean output voltage is varied by varying the 
pulse widths d^ , d 2 etc. Since the pulses are symmetrical 
about a quarter cycle, varying d^,d 2 » ...» does not introduce 
a phase lag in the input line current* 

Por the implementation of the pulse width control scheme 
a power circuit is required. In this chapter the different 
power circuits have been discussed based on the type of 
commutation used. The operation of each power circuit is 
explained and the limitations pointed out. Finally, a 
particular power circuit which is simple and versatile has 
been selected for implementing the forced commutation scheme, 

2.2 AO-DG GOIVERTBR USING DIODE REGTIPIBR AND GHOPPER 

Plgxire 2.2 shows the circuit configuration for the 
converter. It consists of an uncontrolled converter bridge 
followed by a DG chopper. The D.C. chopper can be one of the 
many chopper configurations. It may be operated with auxiliary 
type or complimentary "type of commutation. The chopper can he 
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switched OH and OFF a ntimber of times to get the pulse type 
voltage waveform of Pig. 2.1. The output voltage can he 
varied by controlling the OH and OFF times of the chopper. 

The converter circuit of Fig, 2.2 cannot be used in the 
Inversion mode since the output voltage is always positive* 

The circuit is inherently inefficient because of additional 
losses in the diode bridge. The output voltage vsi-riation 
range is dependent on the type of chopper used and the commuta- 
tion phenomena utilized. 

2.5 SIHGIiB PHASE AC -DC OQNTORTER USIHC AUII DIARY COMMHTATIOH 
2,5*1 Circuit-I 

The circuit configuration is shown in Fig. 2.5*1{ii ]. The 
two inverse parallel connected SCRs (S| and Sg) are the main 
SCR’s, SA^ and SA 2 are the auxilliary SCRs used to commutate 
the main SCRs. Capacitors 0^ and C 2 are the commutating 
capacitors which are initially charged through D^ and D 2 
with polarities as shown, D^,D^,D^ and Dg form the un- 
controlled bridge. When line b is positive S^ is fired, 
connecting the line voltage through the Uncontrolled bridge to 
load. When it has to be turned OFF the auxilliary SCR SA^ 
is turned OH connecting capacitor C^ directly across S^ , vdiich 
thus turns Off. The load current freewheels through the 
uncontrolled bridge. The charging of 0^ with reverse polarity 
starts taking place through SA^ and load and it follows the 



supply voltage. During the negative half cycle 82* Slg and 
C2 come into operation, 

Ihe main drawback of this circuit is that the circuit 
complexity increases for larger number of output voltage 
pulses, The circuit as such illustrated in Fig. 2.3-1 is 
suitable for one pulse of voltage in each half cycle. Bach 
additional pulse per half cycle requires two diodes, two 
thyristors and two capacitors in the circuit making the cir- 
cuit highly uneconomical. Also it cannot support regeneration. 

2.3.2 Circuit-2 

The circuit configuration is shown in Fig, 2.3*2a [ t ]. The 
circuit utilizes external auxiliary voltage pulse commutation. 
The circuit is a combination of an ac chopper (connection of 
and S2 ^ inverse parallel) and an uncontrolled bridge con- 
verter (D^ ,D2»I)^,D^) . TS^ and TS2 are the secondaries of the 
transformer which is used for commutating SOR S| and Sg res- 
pectively, Fig. 2.3,2b forms the auxilliary commutation 
circuit. 

When 'a ’goes positive and are both fired simultaneously 

The commutating capacitor C starts charging due to the resonant 
path formed by and 0 to the polarity shown. At the 

same time the line voltage is connected to the load. When turn - 
off of S, is required, SCR of the commutation circuit is 
fired. The whole of the capacitor voltage appears in the 
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secondary which reverse biases and turns it OFF. 
Capacitor C discharges through the primary TP and changes 
polarity of charge. Capacitor C^ is provided for limiting 
the forward dv/dt rating of SCRs and S^. 

When’a'goes negative, Sg serves as the main thyristor 
while and serve the same function. 

This circuit is an improvement upon the previous circuit 
in that it can support larger number of pulses with no addi- 
tional requirement of elements. 

Requirement of an auxilliary dc supply and a transformer 
increases the cost and also the circuit cannot support regenera- 
tion. 

2 . 3.3 Circuit -3 

Another circuit which utilizes auxilliary current commu- 
tation is showi in Pig. 2 . 3 . 3 a [12]. SCRs 8^,82 and 8^ foina 
the main thyristors. 8^ is the auxilliary thyristor used to 
turn-off SCRs 8:^ or 82. Similarly Sg is the auxilliary thyristor 
used to turn-off SCRs 8^ or 8^. Diodes Dy to D^, capacitances 
C^ and Cg# inductances and 12 ®’^® used as commutating 
elements. S| and 8^ are turned OR when source voltage is 

positive. 82 and 8^ are turned ON when source voltage is 
negative. A lorge inductive load has been ai^umed to simplify' 

' analysis. 
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Suppose source voltage is positive and SCRs S^ and S^ 
are conducting, thus power is fed to the load. The various 
transients which occur when transfer from to 
shown in Pig* 2.5*313. Sg is gated, current (i^) starts flowing 
through it and the polarity of charge on capacitor C-g changes 
after half the cycle of resonant period. The current 

i^ goes to zero at the end of half cycle (time t^), turning 
Sg OPP, now becomes forward biased and hence starts con- 
ducting and the cxirrent i^ starts flowing through it. Current 
builds up in the resonant circuit when it 

becomes equal to the load current stops conducting 

(time t 2 )» As soon as stops conducting, the current 
^3 * flowing thro\igh 02 -“i 2 ~® 4 "”® charging agaih C 2 

linearly with a positive charge. will be reverse biased 
till capacitor voltage becomes zero. At time t^ capacitor 
voltage becomes greater than e and is forward biased and 
will be turned OIT as soon as it is gated, load current 
starts flowing in the path - load - thus disconnecting 
the load from supply . 

How when the supply voltage e is greater than zero, 
will remain forward biased* Say S^ and are conducting 
and now if 3^ is gated it will turn ON and the load current 
will be transferred from to S^. 


S^ is done are 
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When the soiirce e is negative, the SCE* s $2 and 
allow the transfer of power to the load from the source. 

When switching has to be done to from (freewheeling), 
the same modes occur as that when switching was done from 
to and e was greater than zero. Since remains 
forward biased, (e is negative) when it is triggered the 
load current shifts from to with turning OEF. 

D,,D2,S5,0, and 1, coma into picture ^en svitohing 
from to $2 and vice versa is required. 

(The above circuit can also work in the regenerative 
mode. In this case, and Sg are turned OSr during the positive 
half cycle while and are turned OKf during the negative 
half cycle, 

Ihe commutation circuit is rather complex reqiiiring a la.rge 
number of components. Another disadvantage of the circuit is 
that the DC output voltage variation will be limited both on 
the lower side and the higher side. Fig. 2.5.5b shows the 
waveform during the commutation transient when takes over 
from S^. Before conducts, the auxilliary thyristor Sg is 
triggered giving a pulse of current of duration secs. Ihe 

presence of such a pulse of current whenever a 
main thyristor is to be turned OFF, imposes a restriction on 
the output voltage variation. S, can be fired only when the 
capacitor voltage becomes greater than input line voltage 




FIG. 2.3.3a. SINGLE PHASE AC- DC CONVERTER USING AUXILIARY 
CURRENT COMMUTATION 







18 


at time t^. This imposes a further restriction on the output 
■voltage variation. 

2.3.4 Gircuit-4 

Another circuit which uses auxilliary commutation [13] is 
shown in Fig, 2,3.4. and S 2 are the main thyristors while 
and are the auxilliary thyristors used to turn-off 
and Sg respectively. 0^ and C 2 are the commutating capacitors, 
charged taitiallir to to the direction shown, diodes D, and 
^2 2 tre the main diodes, while and are diodes which allow 
charging of capacitfrs and Cg respectively. 

When the supply -voltage e is positive with the polarity 
shown in F%., 2.3.4, and Dg forward biased and if 
is gated, it will tum-on connecting the source voltage across 
the load circuit, thus delivering power from the ac source to 
the load circuit during the positive half -cycle, . D 2 helps 
charging up of capacitor in the direction sho-wn. Whenever 
S,j is to be turned OFF is fired applying full capacitor 
voltage across and thus turning it OFF. The capacitor 
starts charging with the load current in the opposite direction, 
through the path e-0^-S^-load-D2'’®» When the capacitor vol- 
tage reverses and becomes equal to the line voltage, the diode 
conducts and the load current freewheels throijgh the diodes 
and ^ 2 * The thyristor turns OFF as it is reverse 

biased by two diode drops )* During the other 

1 2 
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half cycle charges hack to in the original direction 
through D^. The circuit is suitable for only one output 
pulse of voltage per half cycle. The converter circuit 
requires two oonunutating capacitors and is fairly complex. 
Also It cannot he used in the inversion mode. 

2.4 SIIGIB PHASE AO -DC CONVERTER USING EXTERNA! PUESB 

COMMUTATION 

The circuit diagram is shown in Pig. 2.4 [g- ]»‘ A pulse 
forming network (PPN) is utilised for commutation purposes. 
The principle behind external pulse commutation is that, if a 
commutation pulse of amplitude greater than the load voltage 
and duration greater than the tum-n^Dff time of SCRs is 
applied at the converter output terminals, the conducting 
SCRs turn 0F5". 

Referring to Pig. 2.4, the SCRs S^ and S2 are the main 
SCRs while 9-re the auxilliary SCRs «hich 

together with PPN and ausilliary supply E form the commute- 
tion network. Dj, is the freewheel diode which provides a 
path for the load current (inductive load) when the main 
SCRs are Opp, 1/^hen a is positive, S^ and are gated simul- 
taneously, Power is fed to the load and simultaneously the 
PPN starts charging from the auxilliary supply Eg^. The SCR 
stops conduction when th® EEN is fully charged up. When 
the ^R S| is to be turned OFF, the SCR S^^ is fired which 
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reverse biases and turns it OFF. The load current is 

supplied by the PFET through the SGH S^. This reverse bias is 

maintained for enough time such that the SCR which was 

conducting earlier is commutated and regains its forward blocking 

capacity. To complete the commutation process the SCR S is 

'C 

fired. This enables the PFN to discharge through it and the 
load current freewheels through the diode 

For the regenerative operation, the converter circuit is 

to be modified slightly. The diode has to be replaced by 

the SCR Sp. Also a smoothing reactor is required. The SCR 

Sp is fired such that the load current freewheels through the 

circuit formed by Sp, load and smoothing reactor. The SCR Sp 

is turned OFF in the same way as the main SCRs were turned OFF 

in the rectification mode* After the PFN is discharged through 

S_, the main SCR having negative voltage across it is gated, 
o 

Because the current is falling in the smoothing reactor, the 
voltage across it adds to the emf of the load and becomes 
greater than the instantaneous input voltage. The gated main 
SCR becomes forward biased and starts conducting and energy is 
fed back to the supply. With subsequent firiiag of S|.,load 
current starts freewheeling and the conducting main SCR turns 
OFF as its anode voltage is negative* 

The scheme suffers from the following drawbacks : 

The auyilliary thyristors are required to have high 
d i/d t and voltage ratings. The same circuit cannot be used 
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for rectification and inversion* Auxilliary thyristors are 
required , increasing the complexity. Also an auxilliaiy dc 
supply is required. Another drawback is the limitation 
imposed on the range of output voltage by the charging time 
and the discharging time of the PEK, for until the PM charges 
up the main SOB. conducting cannot be turned opp (rectification) 
and similarly the main SCR cannot be turned OR until PPR dis- 
charges throiagh S_ . 

o 

2.5 SINGIE PHASE AC-PC CONVERTER USING C OMPHBMBNTARY 
COMMUTATION 

The circuit diagram is shown in Pig. 2.5 [ 5 ], The SCR’ s S^ 
and Sg are turned ON and OFF several times in each cycle of the 
supply voltage and therefore these must be of inverter grade 
with low turn-off time . The SORs S^ and S^ are ac line 
commutated and hence they can be of converter grade. The SCRs 
to S^ form the conventional single phase bridge. The 
capacitor C and inductances and Lg are the commutating ele- 
ments used for commutating the SCR's and S^. Diodes, 

Dgf Dj^ and Dj^ prevent the capacitor from loosing its charge 
12 

which is essential for commutation. is the source indu- 

ctance inserted to overcharge the capacitor 

for better commutation especially when the supply voltage is 

low# 
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Ass-ume that the capacitor C is 'Charged in the direction 
shown in Fig. 2.5. ’'Ihen the line voltage is positive , 
and conduct to feed power to the load. When is to be 
turned OFF, S2 is fired applying full capacitor voltage across 
and thus turning it OFF*. The capacitor starts charging up 
in the other direction by two paths, one through the load 
current and the other through the loop formed by ~L^-C-S2» 

The second path formed by the loop makes the charging inde- 
pendent of load. When the capacitor voltage becomes equal to 
the line voltage, the diode D2 starts conducting. Because of 
the presence of 1^, B, continues to conduct but current 
through it goes on decreasing while current in D2 builds up 
gradually to load current. When current in falls to zero, 
then load current freewheels through S2, ©2 and S^. 

When is triggered again, S2 goes OFF. Capacitor c 
starts charging up and when it becomes equal to the line 
voltage, starts conducting. Due to the presence of the 
inductor in the supply line, the transfer of current from 

Dg to D,j is gradual. The load current through S^,D2,G and S,j 
decreases gradually to zero while the current through the 
source e, D,j ,S^ , load and steadily increases to full value. 
At this instant, D2 turns OFF and. the load current is supplied 
by the ac voltage, thus transferring power to the load circuit. 
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The same circuit can he used for inversion mode also hy 
applying trigger pulses to (S^ and S 4 )and(S 2 and S^)in the 
negative and positive half cycles of supply voltage. 

This is; a simple converter circuit requiring a minimum 
number of components. Both rectification and inversion opera- 
tions are possible with the same power circuit. No additional 
dc power supply is required. Single as well as multi-pulse 
width control can be easily implemented with this converter 
circuit, 

2,6 CONCLUSIONS 

All the circuits discussed in Sections 2.2 to 2.4 suffer 
from one of the following disadvantages. Most of them have 
complex commutation circuits requiring auxilliary SCRs having 
higher voltage and current ratings. Some of them require 
auxilliary dc power supplies, thereby increasing the power 
requirements and increasing cost. Most of the circuits do not 
have the regeneration capability or can regenerate only with 
modifications in their basic structure. Some circuits have load 
dependent commutation, also for some of them some minimum time 
has to be provided before commutation could be achieved. These 
facts restrict the output voltage variation range on both 
lower as well as higher sides. 
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The circuit discussed in Section 2.5 overcomes all the 
above disadvantages. Even th# control circuit requirements 
are not complex. Hence, this particular circuit is employed 
for implementing the forced commutation scheme. The converter 
circuit has been studied with R-L load to a limited extent £5 ], 

A more detailed study of this converter circuit with R-l load 
is presented simulating the devices by binary logic variables. 
In spite of the simplicity of the converter circuit, the 
converter circuit operation with motor load has not been studied. 
Therefore, an attempt is made to identify different modes of 
operation of this converter circuit with both R-L and motor 
load. A separately excited dc motor is used as a load. 
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CHAPTER III 

BXTERHAI PERPORJVIMCE CHARACTERISTICS OP SIHGIE 
PHASE PULSE -WIDTH CONTROLLED CONVERTER 

3*1 INTRODUCTION 

Phase controlled converters have the major disadvantage 
of poor line power factor at large phase angle delays. Also 
they generate harmonics in the input ac lines and cause inter- 
ference besides producing ripple in the output voltage. In 
recent times forced commutation techniques with pulse-width 
control have been used to improve upon the line conditions 
of converter systems. Different pulse-width schemes(as 
illustrated in Pig. 3.1)can be applied for implementing the 
forced commutation. The output current and output voltage 
waveforms depend on the type of modulation scheme adopted. 

Abrol [ 6 ] has made a comparative study of these different 
modulation schemes based on the performance characteristics , 
filtering requirements and output copper losses of a single 
phase ao-dc converter system feeding a RL load. It has been 
shown [6 3 that inverted sine modulation (Pig. 3.1(e)) com- 
pared to other modulation schemes offers minimum ripple in the 
output current (minimum copper loss), minimum fundamental 
output voltage harmonic and maximum range of continuous 
conduction. The output voltage range is limited in all 
modulation schemes except the equal-pulse modulation, where 



(q) Equal pulse modulation 


(b) Tramgular pulse modulation 


(c) $inusbid0l pulse modulation 




(e) Inverted stnusoidol putse modulation 
3.1 DIFFERENT MODULATION SCHEMES 







29 


the output voltage variation is from 0 to lOO percent. 

Among the inverted- sine and equal-pulse modulation the 
latter provides maximum output voltage variation and 
offers better distortion factor than the inverted -sine, without 
affecting other performances, therefore ’Equal-pulse' 
modulation technique, as depicted in Pig. 3.1 (a), is employed for 
the forced commutation of single-phase ac-do converter. 

In this chapter the input line current of single phase 
ac-dc converter with 'equal-pulse' modulation is analyzed for 
a motor load. The analysis is carried out using the actual 
current waveform. Also, the normalized curves are presented 
showing the continuous and discontinuous armature current 
conduction regions for different load phase angles on the 
speed-torque plane, Por the sake of comparison, the normalized 
curves for half controlled converter with conventional phase 
angle control are also given. Operating diagrams [ ? ] for 
converter with pulse-width modulation (Equal pulse) are 
developed. The procedure for calculating the optimum value 
of filter inductance for continuous current conduction is 
explained El 4,15] . 

3.2 DC OUTPUT 70Id:i0E RATIO 

3,2.1 Output Voltage Waveform 

The output voltage waveform of a single phase ac-dc converter 
for an equal-pulse width modulation is shown in Pig, 3 -2,, where 
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•••, ttp and §^,§2 * •••» Pq firing and extinction 

angles respectively of the min SCRs of converter. These 
angles are with reference to origin 'O'. They depend on the 
number of pulses 'p' per half cycle. 

3.2,2 Determination of Firing and Extinction Ingles 


The pulses to be given to appropriate SCRs are obtained by 
the analogue comparison between the carrier voltage of desired 
frequency and modulating signal as shown in Eig. 5.1. The 
modulation index ’m' is defined as the ratio of amplitude of 
modulating signal to the peak amplitude of carrier signal 
i.e, 

V 

mm 

m - • 

The firing angle a(K:) and the extinction angle p(k) of 
the kth pulse are defined by the equations ; 


V (a, ) - 7 (a, ) = 0 
m^ k'^ c^ k^ 


and 




(3.1) 


(3.2) 


Eqns. (3.1) and (3*2) give the points of intersection between 
the modulating signal and the negative and positive slopes of 
the carrier signal respectively. 

For p pulses per half cycle^ the firing and extinetion 
angles can be found to be [ 6] , 



Angles measured from origin 

^ ®^2 «fp firing angles 

13. 13^ ^ -win extlriction angles 
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a(k) = { 33 ) 

and 

p(k) = 2>l£2:k_±_a_:^ (5.4) 

Thus for a particular value of modulation index »m*and 
pulse number 'p *the firing and the extinction angles for the 
different pulses can be found using eqns. (3.3) and (3.4). 


3.2.3 Variation of dc Voltage Eatio 

Prom Pig. 3.2 the output voltage function can be defined 
as 

v(9) * sin wt for 9 ^ 

for k = 1 ,2, . . . p 


= 0 for other values of 0 


(3.5) 


The dc component of the output voltage is given by 


V 


d 



P 

21 (cos 
k=l 



008 Pjj) 


(5.6) 


The maximum possible output voltage is obtained by substituting 
ttj, w 0 and Pjj » 11 in eq.n. (3.6). It is 


dm 


2E 

m 

It 


(3.7) 


The do voltage 3 ?atio, 



r is thus given by 
(cos - cos p^) 


(3.8) 
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liius it is S6en that the dc voltage ratio is a function of 
firing and extinction angles ^ which in turn depend upon the 
numher of pulses per half cycle of supply frequency and the 
modulation index. In order to determine optimum Iqual-pulse 
modulation for linear output voltage variation , the ntiraher of 
pulses are fixed. Firing and extinction angles are calculated using 
eqns. (5.3) and (3.4) ,varying m from zero to unity and r is foimd 
from eqn. (3-8) for each m. This is repeated for different 
pulse numbers. 

Pig. 3.3 shows the variation in dc voltage ratio with 
vaatying modulation index 'm'for different pulse number. Eatio'r' 
varies almost linearly with modulation index for pulses 
greater than two. This is quite advantageous when the ac-do con- 
verter is used in a closed loop control system. 

3.3 HARMOUIC ANALYSIS OF INPUT CUREENT 

The harmonic analysis of the input line current ig 
carried out neglecting the commutation transients for the 
case of continuous conduction. The ac-dc converter is 
considered ideal, giving the output voltage waveform of 
Fig. 3.2, which is clearly defined. There are only two 
.modes of operation for the converter circuit. In the power 
mode, voltage is impressed across the load circuit. In the 
second mode, when the line voltage is disconnected from the 
converter circuit , a freewheeling period is init iated by the 
conduction of appropriate devices of the converter circuit. 
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These modes will repeat a number of times during eaoh half 
cycle depending on the number of pulses. For the above 
circuit behaviour , the voltage equation for the converter 
feeding a motor load is, 


b 1 sin wt = I 


I -I- i + E 

t dt t d 


(3.7) 


where 

E = K.|^ w for a seperately excited motor 
=s Back emf constant 
w = speed in rad/ sec. 


Ejj^ « peak value of ac input voltage 

i^ =a instantaneous armature current 

w xs angular frequency of ac supply 

1^ and are the total armature circuit inductance and 
resistance. 


b is a constant which is a function of modulation 
index and number of pulses 


b « 1 for |\(t)j^.| (3.8) 

' b * 0 f or jv^Ct)| (3.9) 

where Y (t) and V^Ct) are the modulating signal and carrier 
signal instantaneous magnitudes. From eqn. (3. 7), we have 
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dij 

dt 


ain wt 

M . 


® ^d 


(3.10) 


A numerical method is chosen to solve 
eqn* (3.10) for finding the steady state instantaneous 
currents. The analytical solution of eqn. (3.10) becomes 
quite involved for discontinuous conduction. Even for 
continuous conduction the analytical solution will require 
more time for analysis as compared to numerical method. The 
same method is also utilized for finding the boundary between 
continuous and discontinuous conduction. 

The motor back emf is assumed to be constant over half 
cycle. The constant ’b ’is found using the following equations 
for the carrier and modulating signals [6 ] (Eig. 3.1(a)) : 

For negative slope of carrier signal and kth pulse 


^c 

®1 


^ [2 pe - (2k~l)] ‘ 


(k"*! ) *11 / 2V_i ^ ,-iT 

p ^ 2.p 


and 0 ^ P 

For positive slope of carrier and kth pulse 



(3.11) 


(3.12) 
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For modulating signal 

=m . (3.13) 

The eqns. ( 3. 1 1 ) , (3. 12) and (3»13) in conjunction with 
conditions (3.8) ^(3.9) give the value of 'b'. The number of 
pulses and the modulation index are fixed to start with. Some 
value of load current is assumed, greater than zero (to reduce 
computer time). The output voltage for a given modulation 
index and pulse nmber is calculated from eqn. (3.6), With 
initial value of load current the differential eqn. (3.10) is 
integrated with a step size of 50 ^isec. The armature 
current is determined for one half -cycle and its average is 
calculated. The instantaneous current at the end of half 
cycle is compared with the value at the beginning of the 
half cycle. If they are not same, the initial value is 

I ' ■ 

updated, and integration carried out. This process is 
repeated till the convergence is obtained. The convergence of 
average load current at the end of the half cycle to the value 
assumed initially is also tested. 

After the steady state has resulted, the supply current 
waveform is analysed by fourier series to determine different 
harmonics. Also the rms value of supply current is computed, 
Simpson's rule of integration is used to find the Fourier 
ooefflolentB, and 
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The input performance parameters such as distortion factor ' , 

displacement factor cog 9, power factor and harmonic 
currents are defined below. 


Distortion factor p = rms value of fundamental comnonent 

rms value of line curroat component 

(3.14) 


(a|+b^)Vf2 

rms 

where Is the supply rms current. 

Displacement factor cos 9 * tan”^ (-a^/b^) 
Power factor =s cos 9 x p. 


(3.15) 


(3.16) 

(3.17) 


\ T1 n * 

p.u. harmonic = — 15 r— r (3.18) 

The flow chart for determining the input perfoincances 
of an ac-dc converter with equal pulse~width modulation is 


shown in Pig, 5.4(a). 


The variations of p, cos 9, and p.f. with dc voltage ratio 
'r'are plotted in Pig. 3.4(b) for two values of load current 
(full load, half full load). It can be seen from the plots of 
displacement factor cos 9 that it is close to unity for high 
loads over the entire range of voltage ratio. But it decreases 
slightly more at reduced loads, with an increase in dc voltage 
ratio. The power factor increases with an increase in dc 
voltage ratio. At high voltage ratios, the power factor is 
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more with higher loads than with lower values of the load, for 
low do voltage ratios, the pf is the same for both low and high 
values of load current. There is no appreciable difference 
in the distortion factor between low and high values of 
load current. It increases with an increase in dc voltage 
ratio. 

Pig, 3.4(0) shows the power factor variation with p.u, 
load current or load torque. It can be seen that for low 
values of modulation index the maximum available torque de- 
er'., aacs, It can be seen that for a particular modulation 
index the power factor decreases with a decrease in current. 
Also for a given modulation index, the pf is constant as the 
current increases. 

Pig. 3,5 shows the variation of supply harmonics (upto 
eleventh) with dc voltage ratio ’r‘. Prom the plots it can 
be seen that the frequency spectrum shifts from the lower 
harmonics to the higher harmonies, the case of pulses 
greater than seven , all harmonics upto eleventh are considerably 
reduced (Pig. 3.5(e)). 

3.4 CRITICAI. INDUOTANCE 

3,4.1 Necessity of Additional Load Inductance 

For oonyerter fed DC drives, attempts have not only been 
made to improve line conditions, but also to get a better 
steady state and dyhamic response of the drive. The armature 




Fig, 3 *4 (a) Plow Chart for Determining Input Performances of 
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current may be contlnuoue or discontinuous depending upon 
modulation index, pulse number and quality factor* Tliis 
current has a superimposed harmonic ripple, Ihis ac ripple 
increases losses in motor leading to its derating and 
reduction in efficiency . At light loads the armature current 
becomes discontinuous under which speed-regulation becomes 
poor* An increase in armature circuit inductance results in 
reduction in ripple and elimination of discontinuous current. 

An optimum value of the extra inductance required has to be 
designed as this external inductance reduces efficiency, 
increases the cost, weight, siae and noise, Further it 
deteriorates the transient response of motor. 

3,4*2 Boundary Between Continuous and Discontinuous Conduction 

For particular values of load phase angle, 9, modulation 
index and pulse numbers, the normalized critical speed and 
normalised critical torque are found out. The speed at 
which the armature current changes from continuous conduction 
to just discontinuous conduction is defined as critical speed. 
The torque developed by this current is called critical torque . 
The armature current is continuous below the critical speed 
and discontinuous above the critical speed. 

The flow chart of Fig. 3-6 explains the procedure for 
determining the boundary between discontinuous and continuous 
conduotion regions for different pulse nos. load phase angle. 
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pulse number and, modulation index are initially fixed* Maximum 
motor speed is assumed initially. The steady state current 
waveform is determined by solving eqn. (3.10). The current 
is checked for continuous or discontinuous conduction. If it 
is discontinuous, the speed is reduced till the current is 
continuous, whence the critical speed and torque have been 
reached. The modulation index is changed and the above 
process is repeated. 

The critical torque-speed characteristics for different 
pulse numbers are shown in Pig. 3.7 for a particular value of 
load qualilgr factor The current is mostly continuous. 

The continuous conduction region in the critical speed-torque 
plane increases with a pulse number greater than 1. There is 
no appreciable difference as the pulse number is changed from 
2 to 10. 

Having selected five pulses per half cycle, a set of 
curves are drawn in Pig. 3.8 (the boundaiy between 
continuous and discontinuous conduction for different phase angles 
shown by solid curves ),Also shown in the Pig. 5.8 are 
a sot of curves for a single-phase half-contirolled converter 
[ 163 same load phase angles. These curves show 

that there is a significant improvement in case of pulse-width 
controlled ac-dc converter compared to phase controlled 
converter, Por the same load phase angle, the pulse-width 
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fflodulaijed ac*"dc converter provides a greater area of continuous 
conduction region in the speed~tor<iue plane compared to a line 
commutated half controlled converter. Alternative]^ ,it is 
possible to operate the pulse-width modulated converter in the 
continuous conduction mode with a minimum of inductance or 
with the motor armature Inductance itself. 

3<.4.!5 Choice of Filter Inductance 

Discontinuous conduction generally occurs at light loads. 
If continuous conduction is assured for the minimtim load at 
which the drive system is likely to operate over the entire 
speed rang© of operation, the load current will be continuous 
at all loads and speeds* Thus from the load requirements for 
a particular application under consideiratlon, the minimum 
values of developed torque are obtained for various speeds 
and this speed-torque behaviour is superimposed on the curves 
of Fig, 3*8* Det us consider a typical load characteristic 
as shown by the chain line. The filter inductance is chosen 
such that the boundary between continuous and discontinuous 
conduction lies to the left of this curve [ 14 ]. 

For the load curve shown in Fig , 3.8, the boundaiy with 
f a* 0,5 is suitable' if the motor is fed by an ac-dc converter 
with pulse-width modulation ^whereas for the same motor and load 
fed by a half controlled line commulated converter, the 
boundary with <jp » 0.8 is suitable. This clearly shows that 





52 


with a smaller filter inductance, the pulse width controlled 
ac-dc converter provides a continuous conduction compared to 
a line commutated converter. Oonsequcntly, pulse-width 
controlled ac-dc converter provides higher efficiency, fast 
time response besides improving the input ac per-’ 
formances compared with a conventional phase -con trolled con- 
verter. Also with a small filter inductor, /he cost, weight, 

/ 

size and noise will he less, 

3.4.4 Operating Diagrams and Minimum Inductance 
Calculation 

The operating diagrams for the rectification mode can be obt 
ained as explained in the flow chart of Fig. 3.6 for various 
values of load angle. These operating diagrams [ ], which show 

the possible and permissible conditions of operation of a 
pulse-width modulated ac-dc converter ^are shown in Fig. 3.9(a). 
The load may be a motor or a battery. 

These operating diagrams can also be utilized for finding 
the critical inductance required [15], by means of a graphical 
method. For the load angle 45° and modulation index 0,8, the 
ordinate XT is the normalized back emf at the continuous 
conduction limit and XZ gives the normalized output voltage 
of ao-do converter. Thus IZ gives the normalized resistive 
drop at the limit of continuous oonduction. The normalized 
drop \/\) is plotted against the modulation index •m* 






Nor 



Fig. 3 .9(b) Variation in normotised resistive drop with 

m' and 'for' vc!irlOM$^vafM®s 
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foi* diffspsu’t valu6s of ' as stiowu. in Pig* 3«9(T3}* Knowing iiie 
output current, mi and armature resistance ,the minimum value 
of load phase angle ’<p 'for continuous conduction can be chosen. 
Knowing the load circuit inductance ^the additional inductance 
required can be calculated* These diagrams can be used for 
estimating minimum inductance for continuous conduction with 
R-1 load and battery type of loads. The procedure explained 
in Section 3-4 can be readily applied for motor loads. 

3*5 COIOIUSIONS 

It is seen that the output voltage variation with the 
modulation index is quite linear for pulse number greater 
than 2* This is quite advantageous when the ac-dc converter 
is used in a closed loop scheme. Por pulse number less than 
seven and greater than three the frequency spectrum shifts 
from the lower order harmonics to the higher order harmonics 
in the input line current. These higher order harmonics can 
be easily filtered out. For pulse number greater than 
five the lower order .harmonics (upto the 11th) are reduced 
considerably but for pulses more than five the range of output 
voltage variation is limited because of the time constraint 
of the turn off time of SOS. Five pulses in each half cycle 
seems to be an optimum number from the considerations of 
output voltage linearity , and minimization of lower order 
harmonics and large output voltage variation range, ‘ The 
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armature current in a P¥M converter is mostly continuous but 
becomes discontinuous for very light loads. In 'order to 
make the current continuous even at light loads it is seen 
that the inductance required in much less in a P¥M AC -DO 
converter as compared to a phase controlled converter. This 
increases the efficiency and improves transient response 
besides minimising cost, size, weight and noise. 
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CHAPIER IV 

ANALYSIS OF AC-DC CONVERTER WITH 
FORCED COMMUTATIOH 

4.1 INTRODUCTION 

It is most convenient to use digital computation to 
analyse thyristor controlled circuits for several reasons : 

1 . The steady state as well as the transient performance 
can be predicted fast on a digital computer. 

2. The input data can be easily changed to take account of 
different element values and/or different initial conditions. 

5. The computation logic is quite similar for different 
thyristor circuits. 

The moat common method of computer aided analysis of 
SCR circuits is to formulate differential equations for the 
different equivalent circuits arising due to different active 
devices conducting (which are considered as ideal switches). 
The state variable approach is used ,which gives minimum 
number of equations. These equations alongwith the initial 
conditions (at mode changeover points )and the variables are 
computed digitally. 

The above method suffers from a severe drawback, in that, 
the modes should be known apriori, but generally the exact 
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ci I* 013.1.11 b ©iisvi. 0131* is not known apriori and lianc© "thyrisiior 
cii'cu.i'fc analysis can bs liackled only by siin'u.la'fcion ab dcvica 
level in a digital computer. 

In this chapter the various modes of operation of 
pulse— width controlled ac— dc converter shown, in Pig. 4*3 are 
analysed for both passive and active loads. The passive load 
consists of a R— I while the active load comprises a separately 
excited dc motor. The lumped circuit model as explained in 
Appendix I is adopted for the motor. The effect of commutation 
phenomenon on the torque -speed characteristic is investigated. 
As discussed in Chapter 5, the pulse-width control scheme with 
five pulses per each half cycle of supply voltage appears to 
be optimi3m. The converter is analysed with ten pulses (500 Hz) 
in each supply cycle. The commutation effect on the speed- 
torque characteristics is also investigated. The converter 
operates in the continuous current conduction mode (Chapter 3 ) 
for most practical operating conditions and therefore the 
results are presented for the case of continuous conduction. 

4,2 SIMULATION OP THYRISTOR AND DIODES 

The devices can be simulated by two methods* These are : 

(i) The devices are considered as ideal switches i^e. when 
a device is ON it represents zero resistance and when it is OPP 
it represents an open circuit condition. In a diode the 
positive anode to cathode voltage determines the ON state 
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wlicrBas in an SCR "this has to he coupled with. th.e presence of 
gate pulse. Once the device starts conducting , it continues 
to do so till its current hecomes zero or negative. The 
logic modules are shown in Rig. 4.1. 

S( 3 ) and r>( j ) are used to describe the binary state of 
the jth device, which can have a value 0 or 1 depending on 
whether the device is in OR or OPR state. These variables 
are used with the device current and voltage and the state 
variable equations. These equations are modified according to 
the value of the logic variables. If the device is ORP,the 
device current is forced to zero and voltage across the device 
is found while if the device is OR the devica voltage is forced to 
nearly zero and the current through it is found, both the 
forcings being done by logic variables for the particular device. 
The state equations are written in terms of state variables, 
circuit parameters, logic variables and device voltages. These 
state equations are digitally computed and at the beginning of 
each iteration the device current and voltage are computed. 

If there is a change in mode (different devices conducting), 
the details showing the new incoming mode are indicated. 

(ii) In this method, when the device is OR the device is 
represented by a very low resistance and when the device is ORR 
it is represented by a resistance depending on the OR-GRR con- 
dition of the device, The logic modules are shown in Pig, 4 . 2 , 





(a) Diode logic ‘Irariat)!® module (b) fbyriator logic variable module 


'■ ' ■ ■ ■ ■ ■ . ' ' " 

' .. Pig. 4-2 Bimiy Eesistauce Hepresentatipn 
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Th© first method of simulation [iT^nvo Ives less computer 
time and no instahility problem arises while in the second 
method , the resulting differential equations are stiff and 
require very large integrating time using conventional 
methods. The error involved depends on choice of method 
of integration and the numerical value of the binary resi- 
stance* Hence, the first method of device simulation is 
followed in the analysis of the pulse-width controlled AO-DG 
converter. 

4.5 FOHMUMTION OP GENERALIZED STATE EQUATIONS 

Eqimtions are developed for only one half cycle as the 
next half cycle is ;|u8t the repetition of the previous half 
cycle with only the following changes. 

(a) Capacitor voltage polarity will be reversed. 

(b) Currents in SORs and Sg* (Pig* 4.3) will be 
interchanged. 

(c) The currents in diodes D^ and Dg (Pig. 4.3) will also 
be interchanged. 

Referring to Pig. 4.3 the following parameters are 
chosen as state variables. 

Z* * It » ^2 * ** ^d* ^4 * " ^s* 

1 _ • ■U2 
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]jet the drop across a thyristor be 7g and drop across 
diode be The currents and voltages shoto in Pig. 4.3 are 

assumed to be positive. It can be inferred from the converter 
circuit of Fig. 4.3 that, 


I. 


II. 


and S 2 cannot conduct simultaneously as they will give 
rise to commutation failure and so is the case with 
and S^. 


Dt can conduct only when S, 
■^2 ' 
closed loop with in series 


conducts as it forms a 


III. Similarly Dj^ can conduct only when S 2 conducts. 

4 . 3.1 Calculation of 

The only loop possible is shown in Fig, 4.3.1. Applying 
ZVL to loop formed by Dj. , , 0 and $2 we get 

~ Vg ~ - I^*Z^ = 0 if S(2) = D^d) = 1 (4.1) 

2 

Therefore, 

-I7 C.-'s-V MV" «■« 

4.3.2 Calculation of Z 2 

The only loop possible is shown in Fig. 4.3.2. Applying 
KVL to loop formed by S^»0,L2» 

^4 **■ \ + Vg + h h 

if S(1 ) » I>j^(2) «1 (4.3) 
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Therefore, 

^2 “ * ^ C • I)j,(2) ... (4.4) 

* 

4*3.3 Calculation of 

The various possible loops are shown in Pji^. 4.3,3. Let 
us consider them one by one. 

(a) Applying KVL to P%. 4, 3. 3(a) we get 

\ wt L^Z^ . > Z 3 - L^ Z 3 ™ 

if D( 1 ) = S(2) = S(4) =1 ... (4.5) 

(L^+Lg)Z 3 * (Ej^ sin wt + Z^ - R_^ Z 3 - E - - 2Vg) » 

D(1) S(2) S(4) (I)( 1 )-D( 2 )) (4-.6)' 

(b) Applying KVL to Pig. 4.3.3(b) we get 


B + L. Z.^ + R. Z„ + V^ + V + V_ = 0 
A 3 A 3 ^2 ^2 ^4 

If D(2)»S(2) s S(4) - 1 


(4.7) 


Z 3 * -(E + R^ Z 3 + 2 + ?^) ‘ D( 2 ) S(2) S(4) (D( 2 )-D(l)) 


(4,8) 


(c) Applsring KVL to Pig. 4.3,3(e) we get 


1 + L^Z3 + 23 + V3 + V ^ \ \ 


La Zj 


if L(2) * S(4) = S(l) « 1 ( 4 . 9 ) 

.[B+R^ Z 3 + Z 4 + 2 Vg+V^] SCO S(4) D( 2 ) (J>(2)-3)(1)) 

(4.10) 
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(d) Applying KVL to Pig, 4.3.3(d) we get 

Bm ^ - Z3 \ ^ - E - Vg -Y^ - Vg = 0 

4* 1 1 

if S(1) = S{4) =e D(1) 1 (4.rl ) 

(L^+Lg,) sin wt-Z^ ^-E-aVg-V^) S(l) s(4) D(l) • 

• (D(1) - D(2)) (4.12) 

Combining equations (4.6), (4.8), (4.10) and (4.12) and 

simplifying we get 
# 

Zj * D(1) S(4) (15(1 )"-D(2)) Sin wt+Z^-B^ Z^-B-Vj^-2 Vg) S{2) 

+ (E^ sin wt - Zj R_^-E-2 Vg-?^) S( 1 )]/(l^+L8) 

« (D(2) S(4) (D(2)~D(1))*[(B+R^ Z^+2 ^^2) 

+ (B+B^^ Z3+2 7g+Z^+Vjj) S(1)]/L^ - (4,13) 

m 

4.3.4 Calculation of Z^ 

She various possible loops are shown in Pig. 4.3.4^ 

(a) Applying KCI) to Pig. 4.3.4(a) at Node A, we get 

i' « -i^ a ij^^ > i^ if D(1) « S(2) a S(4) a 1 and 

jDj^C 1 ) » 1 also E(2) may be one alongwith D(l)=l , 

I 

but not alone, (4,14) 

i^ •< OZ^ • -( Zj D( 1 ) S{ 2 ) S(4) + Z^ Dj^( 1 ) ) 


(4.15) 




67 


(b) Applying KCL to Pig. 4.5-4(b) at node B we get 

i^ a ij^ + i^ if S(l) S(4) = D{2) and Dj^(2) = 1 here 

D( 1 ) may also be One alongwith D(2) = i/but not 
alone . (4.16} 

QZ^ = 3(1) S(4) D( 2 ) + %(2) (4.17) 

(c) Applying EGL to Pig. 4.3.4(c) at node B, we get 

i^ = ijj + = C Z^ if 3(1 ) = 3(4) = D( 1 ) « D(2) = 1 

(4.18) 

Z4 = ^ (ijj^ 3(1) 3(4) B( 1 ) D( 2 ) + Z^ Dj^(2)) (4.19) 

(d) Applying ECL to Pig, 4.3.4(d) at node D we get 

Iq = -(ip +Z^) = C Z 4 if 3(2) =3(4) = P(1) = D(2) = 1 

( 4 . 20 ) 

Z^ =-l (Z^ Dp(l) + ip^ 3(2) 3(4) D(1) D(2)) (4.21) 

Combining equations ( 4 . 15), (4. 17), (4. 19), (4.21 ) and simpli- 
fying we get, 

Z 4 « 3(4) [-(Z^+ip^ D( 2 )) D( 1 ) 3(2) + (Z^+ip^ DC 1 )) • 

3(1) D(2)] - Z^Dpd) +Z 2 Dp{2) /G (4.22) 

4.3.5 Calculation of Z^ 

During the period when both diodes D^ and D2 conduct, the 
load current i^ is assumed to be constant. The currents 
satisfy the equation 
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i.e. 


^diode 2 

= Z5 + i^iode 2 • 


at node P 


The various possihle loops are shown in Pig. 4.3.5. 
^a) Applying KGL to Pig. 4.3.5(a) at node P we get 


i^ = ig + if D(1) =* D(2) = S(1 ) = S(4) = t (4.23) 

Z^ = (Z^+ijj^) D(1) D(2) S(l) S(4) (4.24) 

Now as soon as starts conducting, with ^2 already 
conducting, the voltage, E sin wt+f will appear across 

IQ C 

source mauotance L^. 

Hence, 

dip » 

Vg+ sin wt = Lg = V5 ^ > = ^^2) = S(1 ) = 3(4) = 1 

(4.25) 

% = ^ [Ej^sia wt+?^( 1) D(2) S(r) 3(4) (4.26) 

(b) Applying KOI to Pig, 4..3.5(b) at node P we get 

i, * i„ + i^ if D(1) = D(2) = 3(2) = 3(4) = 1 (4.27) 

CL S '2 

Z^ (Z^+ijj^) D(1) D(2) 3(2) 3(4) (4.28) 

Now as soon as Dg starts conducting, with already conducting, 
the voltage (B^ sin wt + V^) will appear across source 
inductance 1 . 

. ■ o 
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Hence, + E^ 

sin wt 

s 0 






if D(1) 

= D( 2 ) 

* S(2) 

II 

ii 


(4.29) 

% “ 

4— [E sin wt + 2 
s “ 

14 ] D( 1 ) 

D( 2 ) 

S(2) 

S(4) 

(4.30) 

a 

o 

o 

eqns . ( 4 . 

26 ) and 

(4.30) 

and 

simplifying we 

gat* 

^5 ~ iT” D(2) S(4)(j[E^sin wt+Z^)S(l) 

iS 

+ ( E 
' m 

sin wt+Z 4 

) S(2)] 








(4.31) 

j^Xs 0 1 








^5 

*= 0 if 

S(2) =s 

D( 2 ) = 

S(4) 

=r 1 




or 

S(1) = 

S(4) = 

D( 2 ) 

= t 


(4.32) 

Zc 

5 

= if 

S( 1 ) * 

S(4) = 

Dd) 

- 1 




or 

S(2) = 

S(4) = 

D(l) 

=■ 1 


(4.33) 


Equations (4,2), (4.4), (4.13), (4.22) aad (4.3T} are the 
generalized state eqiiations for the converter circuit of 
Pig. 4.3. 


For finding the mode changeover points the values of the 
logic variables for the devices are to be known. The following 
equations for the OPP state voltages and the ON state currents 
are utilized. 

4.4 OPP STATE T037PA&BS 

Prom Pig. 4.3 the expressions for the device OPP state 
voltages can be seen to be ; 
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V 

1 

= -Vd 

S, 

(4.34) 

\ 

= -\ 

(4.35) 


= (Z^ + Vg) S(1) 

(4.36) 

"3, 

* (Vg * Z^) • S(2) 

(4.37) 

S 3 

= (Vg - E^ Sin wt)*S(4) 

(4.38) 

X 

= (Vg + sin wt) S(3) 

(4.39) 


= (Z^+V^+E^ sin wt) E( 2 ) 

(4.40) 



(4.41) 

4 . 5 ON STATE 

CURRENTS 


Prom Pig 

. 4«3 ,the expressions for the device 

ON state 

CTirrents can ' 

be seen to be : 



« Z^ ^ 1,(0 

(4.42) 


= Z 2 V 2 ) 

(4.43) 

s 

« S(t) S(4) (Z 3 +Z 2 Dj^(2)) 

(4.44) 

% 

= S(2) S(4) (Z 3 +Z^ Dj^d)) 

(4.45) 

% 

= 258 ( 4 ) 

(4.46) 

±T. 

Di 

= Z 3 D(l) (D( 1 ) ~ D( 2 )) 

(4.47) 

iT^ 

% 

= Z 3 D(2) (D( 2 ) ~ E (1 )) 

(4.48) 
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4,6 DIGITAL SIMUIATION 

The generalized state equations (4,2), (4.4), (4.13)» (4.22 ) 
and- c^(4.3l ) are digitally computed to get the different 
modes of operation and also to obtain the steady~state 
speed-torque characteristics of a separately excited dc 
motor. 

The flow chart of Pig, 4.4 illustrates the digital 
solution for motor load. Load torque is assumed initially. 

To start with, an initial mode is selected. The device 
currents and state variables are initialized. Binaiy values 

are assigned to the device logic variables at instant t=:0 secs. 
Por the assumed values of load torque, the-yalues of state 

variables, device currents and device voltages are compu^«d. 

The step length is increased and the above computations 
continued till t = T/2 (half cycle of input line frequency). 

Now the convergence of the state variables and the load cu- 
rrent is checked, If any one of them has not converged then 
the corresponding initial values are corrected and the 
iterations are oontinuod. This process is continued 

till all the state variables and load current converge. 

The steady state speed is calculated. 

Also the instantaneous values of the state vari- 
ables are found cut indicating the mode changeover points. 
Hence, the solution is obtained by an iterative procedure. 

The program, written in PORTRAN 17 v lias been 
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successfully run on DEC-1090 system. 1 listing of the 
program and a sample output for motor load is given in 
Appendix I I -A and II-B respectively, 

4.6.1 Motor load 

The simulation was carried out for a separately excited 
dc motor. The lumped circuit model for the motor was adopted 
(Appendix I). The converter-motor is simulated for only 
continuous conduction as the range of discontinuous 
current conduction is much less for a forced commutated 
converter , feeding a separately excited motor (Chapter 3). 

The flow chart of Eig. 4.4 is used to obtain the simulation 
results for a motor load. 


Variation for state variables -^nd 

^'1 ^2 

output voltage v^ and voltage across SCR ,Vgf Or one half 

cycle in the steady state are shown in Pig, 4.5, 


Prom the plot of the output voltage it can be seen 
that when SCR S^ is switched OR to take over from SCR S 2 
(i.e, power interval to the freewheeling interval )there is a 
positive voltage spike, which oocuirs because capacitor volt- 
age gets addod to the input voltage. This spike occurs for 
a very short duration (depending on the DC resonant time) 
as the reversal of capacitor charge is load independent. 

When the 3GRS, is turned OR to commutate the SCR Sg, a positive 
spike occurs (capacitor voltage appearing across load). The 



f START } 

^ 



Calculate speed f torque, find modes from stored 
values of logic variables. Print the above and 
state variables indicating mode 


vanabie 


STOP 


Pig. 4.4 Plow Chart for Analysis of Circuit of Pig. 4.5 
with Motor load 
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output voltage continues to follow th.e capacitor voltage and 
goes negative.* This is "because both and ^2 conduct 
simultaneously during this period and since the 10 resonant 
time period is less than the time required for ©2 to turn- 
off, Tbe negative spike does not appear in the case of 
second, third and fourth pulses. This can be attributed 
to the fact that since the rate of fall of current in 
is proportional to the line voltage sin wt and since for 
these pulses the line voltage is higher than for puls^ 1 and 5, 
the current in diode ^2 falls to zero faster than L C reso- 
nant time period and there is no occurrence of negative 
spike. For the same reason as above the spike is less in 
fifth pulse as compared to first pulse. The output current 
continuously increases during the power interval for about 
four pulses. Since the curves are presented for the motor 
load having low Qj^( = 3. 14)^ they are far from an ideal flat 
topped one. 

The various modes which occurred over the half cycle 
are shown in Table I, 

The various sequence of modes dtiring five pulses 
followed by the freewheeling interval are shown in Table II. 

The simulation for an RL load with the same load 
current, commutation parameters, input source inductance and 
line frequency was carried out. Fig. 4.6 shows the variation 
in the capacitor voltage and output voltage over a period of 
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Mode 


TABLE I 

o|=e.mRMJ^ UMstiax c?\aj2, („+V£-) 

X *■ T HdUjCcjktg^ C0'ndUxjcKM<^ cAiLVCiCQ. 

Devices Conducting 



S, 

1 

^2 

S3 S4 

“1 

“2 


Dt 

h 

t 

X 


X 


X 


X 

2 

X 


X 

X 

X 


X 

3 

X 


X 

X 



X 

4 

X 


X 

X 




5 


X 

X 

X 


X 


6 


X 

X 

X 

X 

X 


7 


X 

X 


X 

X ^ 


8 


X 

X 


X 



9 


X 

X 

X 




10 


X 

X 

X 

X 




TABLE II 



Sec\/kA*>oU& vuxrrAfiA Jbuur^A/^ 

t ve. ~ 0 ycJc_, 

Pulse 

Sequence of Modes 

Sequence 

1 

1-2-3-4-5-6-7--8 


2 


B 

3 

1 -2-3-4— 0—8 

: 0 

4 

1.2-3-4-5-6-10-8 

0 

5 

1.2-3-4-5-6-7-8 

A 
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half cycle. Comparing these waveforas with the corresponding 
waveforms for motor load (Fig. 4*5) » it may be concluded 
that there is no difference in the circuit behaviour with 
R-I) and motor load. Ihe mode sequence for the five pulses 
were found to be the same as in Table II. 

For lower values of 10 resonant time, a sequence D 

( 1«2“-11-4-5-6-7-8) was found to occur for the first pulse 

and fifth pulse. The change is quite obvious for the IC 

resonant time has been reduced and hence D. and conduct 

1 2 

for a time greater than one half 10 resonant time at 
reduced line voltage. During mode 11, the active devices 
conducting are S^, S^, D^ and Dg* 

4.7 CiRCtJIT BEHAVIOUR 


The circuit behaviotir during the four possible ^ 
sequences is explained below ; 

4.7,1 Sequence A 


The commutation transients occuring are shown in 
Fig. 4.7(a), 

Initially 82* and D2 are conducting (Mode 8), ¥hen 
S| is triggered (instant t = t^), the capacitor starts 
charging thro\igh the .JLjit - Dj^ - L 2 - C and also the 
load CTurent starts charging the capacitor thix) ugh the 
loop - Iioad - - D 2 - 0 - S|. The output voltage at 

this instant jumps to capacitor voltage (Mode 1). At 
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instant t s= t^ the capacitor charges upto the line and hence 

starts conducting, The input line current i^ starts huild.- 

ing up slowly at the rate governed hy (B^ sin wt + '^q). 

s 

For the saae reason i^ starts falling slowly. During this 
period i^^ +• ig = i^. The output voltage still follows the 
capacitor voltage (Mode 2), At instant t = tg, i^ falls 
down to zero and hence D2 stops conducting. The capacitor 
continues to charge through the path G - - D^. - The 

output voltage jumps to the line voltage and starts following 
it (Mode 5). At instant t = '^3 goes down to zero. The 

transients end and the normal load cycle starts (Mode 4), The 
active devices conducting here are D^ and S^, 


Bow when Sg is triggered (at t = t^),the capacitor starts 
discharging through the path C - Dj^ - D^ “ ^2 e - D^ - 0 - 

$2 - load - S^. The output voltage jumps to sin wt^ + '^ q ) 
and falls as the capacitor discharges (Mode 5). At instant 


t = t^ ,the capacitor discharges to the line voltage and hence 

D« starts conducting. Line cxirrent i_ starts falling at the 

di , s 

rate governed hy, ^ (E^ sin wt + - Current ip 

s 2 

starts building up. The capacitor continues charging up in 

the other direction (Mode 6). At t s t2' » ig falls down to 

zero. The load current starts freewheeling throiagh Sg-Dg-S^. 

The output voltage falls down to zero. The capacitor is still 



path S2 - Dj^ - 

falls down to zero. 


C (Mode 7). At 
Mode 8 begins. . 


4.7.2 Sequence B ' ' 

The commutation transients occuring ' are shown in 
4.7(b). 

When switching from S 2 to modes are same as for 
sequence A, 

When switching is done from to S 2 >mode 5 follows 

mode 4 (explained earlier). At instant t = t! ,1^^ falls 

1 -Ut 

down to zero but the capacitor charge is still less than 
the line voltage and hence does not pick up conduction. 
The capacitor continues to charge in the negative direction 
through the poth - load - S^~e-D^“C (Mode 9). At instant 
t = t^ ,the capacitor voltage becomes equal to line voltage 
and hence starts conducting. Currents i_ starts falling. 
During this period, overcharging of capacitor in the negative 
direction occurs. Output voltage is zero (Mode 10). At 
instant t = t^,ig falls down to zero. Mode 8 follows. 

4.7.3 Sequence 0 

The commutation transients occuring are ^own in 
Pig. 4.7(c). 

When switching is done from Sg to ,the modes remain 
the same as for sequence A. . 

When switching is done from S^ to S 2 , modes 5 and 6 
follow mode 4 (explained earlier). At instant t - ^ 




Fig, 4.7 (b) 
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goes down to zero, and D 2 continue to conduct. 

Current i continuously falls, while i^ steadily increases. 

3 *^2 

Capacitor continues to ov'ercharge in the negative direction 
(Mode 10). At instant t = t^, i^ falls down to zero and 
freewheeling starts (Mode 8), 


4.7*4 Sequence D 

The commutation transients occuring are shown in 
Fig. 4.7(d). 


When switching from S 2 to , modes 1 and 2 follow mode 8 
(explained earlier). At instant t = t^i ijj goes down to 

zero. and D 2 continue to conduct and the capacitor over- 
charges through the path S^-load-S^-D2-0. The output voltage 
continues to follow the capacitor voltage (Mode 11} and goes 
negative. At instant t = t^ , i^ falls down to zero. The 
load cycle begins (Mode 4). 


4.8 speed-torque CHARACTERISTICS 


The flow chart for finding the speed-torque characteri- 
stics for both continuous and discontinuous armature cxirrent 
conduction without taking the commutation effect into account 
is shown in Fig. 4.8. Five pulses are considered. The eddy 
current model as explained In Appendix I is taken into account 
while computing the speed-torque characteristics. 


The speed-torque characteristics for a separately excited 

dc motor (the eddy current model constants of which are given 

in Appendix I ) are shown in Fig. 4. 9(a) . From the characteristics 
we can infer that the speed regulation is very good even in the 
discontinuous current conduction range. 




The speed-torque characteristics with and without commu- 
tation transients are shown in Fig, 4.9(h), The flow chart 
of Fig, 4,4 has been considered for getting the ^eed-torque 
characteristics taking the commutation transients into 
account. It is noted that the speed increases over the entire 
torque range if the commutation transient is taken into con- 
sideration, The increase in speed is appreciable for low 
values of modulation index, but gradually decreases for 
higher values of modulation index. This is because of the 
presence of positive voltage spikes during commutation of 
and S 2 . These spikes increase the average dc output vol- 
tage, thereby increasing the speed for a given torque. 

The effect of the IC commutation time period on the 
speed-torque characteristics is shown in Fig* 4.9(c). It can 
be seen that as the time period is increased, the speed- 
torque characteristics departs considerably from that without 
commutation. This is as expected since the spikes span a 
larger time with increasing commutation time period, thereby 
causing an increase in the dc output voltage. 
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Read Pulse Rumber 


m=l ,0 



Assume initial speed=Rated speed of motor 


Find motor eddy current model 
parameters 


Find i^Ct) over half cycle 
using eqn. (5.10) 


- p-... . . 

Decrease 

speed 



IS 

furrent continuSt 


Calculate 

torque 


Calculate 

torque 


/rite speed and tor- 
lue with flag showing 
continuous conduct ioi 


m s= m-“0,i 


Write speed and torque 
with flag showing dis- 
continuous conduction 


< 0.1 ? 


Fig. 4.8 Flow Chart for Finding the Speed Torque 

Characteristics of Motor Urifficttt Taking Commutation 
into Accoiint 















‘ - ;; ;; ; ^ ’ '• J 0f q.y ^ p .- U ^ > 

[c) time on speed-torque m = 0.5 
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4.9 TUM-OFI' TIME FOR MAIN SCRs 

Fig, 4.10 shows the variation in the tiarn-off time 
available for SORs and $2 with the load current. Since 
the turn-off time is dependent on the position of the pulse, 
it is shown as a band from the maximum to the minimum value. 
The ciiTves are plotted for a modulation index of 0,5 and 
pulse number = 5. It is seen that the 5th pulse has a 
minimiim txarn-off time for both S^ and 82 * Also the turn-off 
time decreases for increasing load current imlues. For 
decreasing loads the turn-off time approaches the ideal 
value equal to one-quarter of LG resonant period fLO), 

4.10 CONCLUSIONS 

The sequence of modes of a pulse-width modulated ac-dc 
converter with R-L load and a separately excited motor load 
are the same provided the armature current is continuous. 

The negative spikes which occur in the output voltage d'^creas© 
with increased LG resonant time period, which results in a 
reduced output voltage variation on the lower values. If we 
remove the source inductance L^jthe problem of the negative 
spike is eliminated, but the presence of L„ assures commuta- 
tion even at lower values of input voltage. With the use of 
SCRs having How tiim-off (=: 10 psec) time, the speed-torque 
characteristics can be made to correspond more to the one 
without commutation, also the range of output voltage varia- 
tion will not decrease as lower values of LC resonant time 
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can be taken,* S2 bas a biglier turn-off time available to 
regain the forward blocking capacity than , this is due to 
the overcharging of the capacitor (because of the presence 
of source inductance L^) when S2 is conducting. This larger 
voltage on the capacitor gives a larger turn-off time to $2 
during subsequent firing of * 

Experimental verification of simulated results are 
presented in the next chapter. 



too f— nr, =0.5 \ ^ =337 jiSecs 
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CHAPTER V 

CONTROL CIRCUIT DETAILS AID EXPERIMENTAL 
VERIFICATION OF AG -DC CONVERTER WITH 
R-L AlTD MOTOR LOAD 

5.1 INTRODUCTION 

In the present chapter, a novel firing circuit has been 
developed for the converter circuit of Fig. 4.3. The triggerirf 
strategy is chosen such that the precharging of the commuta- 
ting capacitor C while starting the converter circuit initial?;, 
is not required. Most converter circuits which operate on 
forced commutation do not have such a feature. This is an 
added advantage for the converter circuit of Fig. 4.3 which is 
simple and versatile. The effect of switching ON the control 
circuit at any particular instant on the starting of the con- 
verter circuit without precharging of commutating capacitor 
has been discussed in detail. The control circuit is 
described in detail. The modifications required for the use 
of the firing circuit for regenerative operation of the con- 
verter has also been discussed. The operation of the converter 
circuit with both R-L and motor (separately excited DC motor) 

loads has been studied experimentally with the control circuit 

* 

developed in this chapter. The experimental results - ac 
supply power factor, speed-torque characteristics and modes of 
operation are then compared with the digital simulation results. 









97 


5.3.1 Case I 


Assume ths,t the control circuit is activated at t » 
after the line voltage is switched at t a 0. Prom the firing 
sequence of Pig. 5. 2(a), it can he seen that at instant t » , 

the gate pulses for SGRs and are present. Since both of 
them are forward biased they will start conducting. The input 
line voltage is applied across the load circuit and the load 
current starts building up through the path e-D^-S^-load»S^. 
Subsequently, the presence of a gate pulse to SCR S2 will not 
turn it ON because in the absence of any charge across the 
capacitor G , it virtually acts as a short and the forward 
conduction drop of S^ reverse-biases S2» Thus S^,D| and 
continue to conduct with load current continuously building 
up. At the instant t = T/2, diode D2 becomes forward biased 
and starts conducting. Because of the presence of source 


inductance L , the current i_ falls slowly, 
s s 


Currently i^ 
^2 


starts building up. Thus charging of the capacitor through 


the path 8^-12"^'*^^ starts taking place in the positive 

direction(as indicated in Pig. 4.3), The loop -load-S^-e-D^ - 
S. is still active* At instant t ®:t„,say,i becomes zero and 


i„ becomes equal to the load current . At t 

“2 

becomes isolated from the source voltage. 


tg ,the circuit 
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Since 0 is charged up, $2 will turn ON because the 
gate signal is already present for Sj which is forward biased 
at this instant. The capacitor charge reverses through the 
loop load current starts freewheeling 

through S^»l 2 stops conducting after one half 

resonant time period Ihe load current however conti- 

nues to freewheel until t = t^ when the gate pulse occurs to 
S^,which is forward biased. tiims ON and it turns off by 
ac line commutation. Subsequently the occurrence of gate pulses 
to s and S 2 provide freewheeling and power intervals 
since the SOR S^ is alreac3y turned OFF* During these periods 
the capacitor charges up with appropriate polarity required for 
commutation. 

Thus we see that the delayed application of firing pulse 
to SGR (t = t^) helps in charging up of capacitor, without 
the necessiiy of precharging before the converter is started. 

5*3.2 Case II 

We assume that the gate pulses to SGRs through are 
applied at instant t = t|, after the voltage is switched at 
t = 0, From the firing sequence of Fig, 5.2(a) it can be seen 
that at instant t =s t I , gate signals for SCRs $2 ahd are 
present. D^ and being forward biased, start conducting. 

Since capacitor has zero voltage, it acts ae a short making ^2 
forward biased. S 2 turns ON since the gat# pulse is already^^^^^^^^^^^^ 
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present. Iioad current starts building up. 

The capacitor starts charging up with the load current 
in reverse polarity through the loop formed by e-D^~C-S2~loa-<3.-' 
S^-e. Uow since capanitor has some charge, will turn OH 
when it is gated. The circuit then follows the normal opera- 
tion with the capacitor voltage building up with appropriate 
polarity , each time and S 2 are switched OH. 

Two more cases may arise when the firing pulses are 
applied to the converter circuit during negative half cycle 
of supply voltage. 

5.5.3 Case III 

Suppose the gate pulses are applied to SDRs S^ through 
at instant t » t'^’ . S 2 and S^ will start conducting. The 
charging up of capacitor takes place in the same way as in 
Case I except that roles of(S^ and S 2 ),(S^ and S^),(D^ and 1>2) and 
(R^ and Rf )interchange. 

n .2 

In this case the delayed firing of helps in charging 
up of capacitor. 

5 . 3.4 Case IV 

This may arise when the gate pulses are switched during 
negative half cycle. Suppose the gate pulses are applied at 
distant t = t;' to SOKs S, through S^. S, ana S, will taxn ON. 
The build up of the capacitor charge will be along the lines 
discussed in Section 5,3.2 for Case II, 
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The control strategy of Fig. 5.2ais thus considered for 
developing the firing circuit for the converter circuit of 
Fig.. 4 . 3 , 

5-4 FIRING CIRCUIT 

The general block diagram of the firing circuit which is 
suitable for any number of pulses p per half cycle is shown 
in Fig. 5.3(a). Modifications required iu the block diagram 
for inversion operation is shown in the small diagram of 
Fig. 5.3(a), For inversion operation, the control signals of 
Fig, 5.3(b) are assumed. The operation , has been described for 
five pulses per half cycle for which the circuit diagram is 
shown in Fig. 5.3(b) and the corresponding waveforms are 
shown in Fig. 5.3(c). In what follows, the operation of the 
control circuit is described* 

A synchronising signal (A) obtained from 2207 AC Is 
transformed into a square wave (B) by a zero cross detector 
(ZCD). This 50 Hz signal is used as a reference for the 
phase locked loop (PII). The PII in its feedback path has 
a 'divide by 2(p+l)N' counter, where p is the number of 
pulses per half cycle of input line frequency. In the 
present investigation, p is equal to 5. N is kept high to 
reduce phase errors. The PLL output is fed to a ' 7 - N' counter 
which is reset at the positive and negative edges of B by 
means of a signal from a dual edge monostable. This synchroni. 
zes the signal output of 'v N counter' [50x2(p+1 )] to the line 
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signal A, The signal B is passed through a ZCB to obtain a 
+ 12V swing (0), which is integrated and level shifted to 
obtain a triangular wave (D). The triangular wave is 
compared with a DC signal (X ). Compare the comparator output 
signal (E) with the gating requirements of during positive 
half cycle (Eig. 5.1 » for five pulses). It can be seen that 
the initial pulse present in the signal E has to be stretched 
upto the second pulse and the last pulse occuring in the 
positive half cycle has to be eliminated. The former has been 
realized by the following logic : 

The inverted signal of comparator output E is fed to the 
clock of a negative logic (ND) JK Flip Flop (FF) which is kept 
in the set mode (J = 1, K = 0). The clear signal to this FF 
comes from the dual edge monostable. The FF gets cleared at 
the start of the positive and negative synchronising signal. 

The FF gets set only at the first negative going edge (15 ) 
of clock, which occurs at the second pulse of the signal E, Thus 
the output Q (F' ) of FF gives the required signal. This is 
OR-ed with the comparator output E to get signal C , Still the 
signal ff does not conform to the gating requirements of the 
SCR S,j . Of course, the gating requirements of are met by 
eliminating the last pulse occurring in the positive half cycle 
which i^ achieved by the logic described below. 

The output of comparator (E) is fed to the clock of a BCD 
coxmter, the reset for which comes from the dual edge mono. The 
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output (H) of the UAND gate remains high till the counter 
counts six (B =1, 0 =1, D =0) at which instant H goes low. 
H remains low till the clear pulse at positive or negative 
edge of synchronizing signal occurs. Thus we get signal H 
which retrains zero after the sixth pulse of E till the start 
of the next half cycle. When the signal H is ANB-ed with 
signal G , we get signal I. 

The following Exclusive-OR (X~0R) logic realizes the 
gate signals of Fig. 5.1. 


Sate 

®a' 

K = I 

Q B 

Gate 

S,: 

J «= K 


Gate 

Oj: 

if 

© B 

Gate 

®4 = 

li 



Fig. 5.2(b) shows the gating requirements for SCRs 
through for the case of regenerative operation of the 
circuit of Fig. 4.3. The gating signals differ from that of 
Pig. 5.2(a). The gating signals ,as shown in Fig. 5.2(b), 

I ' 

help charging up of capacitor. 

The modifications required in the control circuit for 
regenerative operation for the pulse requirements are shown in 
the small diagram in the dotted rectangle of Fig. 5.3(a). The 
change in the logic is required only after the signals at the 
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output of FP (P and P' ) and the HAND gate (which is preceded hy a 
BOD counter) output are obtained. 3?he output at the MUD 'H' is 
inverted and OR-ed with comparator output ’B* to get a signal,* TV 
This signal 'T*is ARD-ed with*P’to get signal’P*. 

The following logic realizes the gate signals of Pig, 5.2{ti}, 


Gate 


* 

u 

= P @ B, 

Gate 

®2 

» 

• 


= j, 

Gate 


« 


= H © B, 

Gate 

5 

• 

• 

*1 


Thus 

we 

see 

that 

the realization for the regenerative 

operation 

can 

be 

done 

with a minor change in the logic. 


The "block diagram of Fig. 5, 3(a) is general and can he 
used for any number of pulses 'p'. The comparator input 
controls the width of the pulse. When the converter is used 
in closed-loop operation, the signal X represents the feed- 
back voltage signal. 

5.5 experimental SET-UP 

The experimental set-up comprises of the following : Firing 
circuit Pig. (5.3(b)), power circuit (Pig. 4.3) and load. The 
drive moto^^ is loaded through a separately excited generator 
which is coupled to it. 
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ICs are 74 series 

Fig. 5.3(b) Firing circuit for rectification for five pulse per half cycle- 
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The pertinent details of the experimental set-up are : 

AC input source : 2207, 50 Hz 

SGH* s and S 2 1 Inverter grade (turn-off time w 25 psec) 

Type Ho. Ii56TB6 

SCR' s S^ and S^ : Converter grade 

Type Ho, 26TB 12 

D^, • 12SM15 

Bx ,l>x : 12SM15 

"1 ^ , 

Commutating : 192 iiH S¥G 15 air cored 
inductor 

Commutating : 192 {iH SWG 15 air cored 

inductor 

Commutating : 15 lifd 

capacitor C 

Source indu- : 0.39 mH S¥G 15 air cored 

ctance II 

0 

R-L load ; R = 21.5 Ohms, L = 80 mH 

Motor load j See Appendix I 

5,6 EXRIRIMEHTAI TERIPICATIOH WITH RL LOAB 

Pig, 5»4(a) shows the oscillograms of capacitor voltage 
and output voltage obtained from the experimental set-up with 
the modulation index set at 0,4 for R = 21,5 Ohms and 
X = 80 mH. The predicted results of digital simulation as 
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described in Sec. 4.6 are given in Fig. 5.4(b) for the same 
variables. It may be noted that there is a close agreement 
between the experimental and simulation results, 

5 .7 EXPERIMIITTAI VERIPIGATION WITH MOTOR LOAD 

5.7.! Circuit Behaviour 

Separately excited motor, the parameters for which are 
given in Appendix I, was used as a drive motor. Modulation 
index was kept at 0,55 with load current maintained at 
9,75 amps (by adjusting the load on the coupled generator). 

Pig. 5.5(a) shows oscillograms of capacitor voltage 
V and input source current i while Pig. 5.5(b) shows the 
predicted results. The oscillograms for current i^' and 

voltage across SCR S^ are shown in Pig. 5.6(a) and the 
corresponding digital simulation results are given in 
Pig, 5.6(b) respectively. Both experimental and theoretical 
results agree closely. 

The various modes of operation were also verified 
experimentally for different pulses in each half cycle of 
supply voltage. The mode sequence is found to be the same, 

A typical set of output voltage and oul^ut current 
oscillograms are shown in Pig, 5.7 for ihe case of dis- 
continuous conduction at no load (coupled generator is 
unloaded) with modulation index kept at 0.55. 
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X nxis 
tdiiaZmsec. 

y axis 
tdik»200 volts 


X axis 
1dli«2fn stc 
y axis 

IdtniKl O amps 


Fla 5»7 Typical output voltage and current waveforms 
for motor load (ot no toad 



116 


5 •7.2 Speed-torque CJmract eristics 

For a fixed value of modulation index and pulse 

number (=r 5), the armature current i. was varied and the 

a 

motor speed ’NV was noted corresponding to each armature 
current. 

The back emf E was calculated using the equation 

Kb *21111 

E = -gQ 

The speed and torque are normalized by tiie following base 
values. 

Base value for voltage = _ 197 volts 

Base value for current =e ss 90 amps. 

Fig. 5.8 shows the noimalized speed v/s torque chara- 
cteristic, Also shown in Fig, 5.8 is the simulation results 
taking commutation transients into account. There appears 
to be a close agreement between predicted and measured 
results, 

5*7,3 Power Factor Variation 

Power factor is defined as : 

V, X I, 

Power factor = y"- — 

rms imis 

where V^ = average output voltage of converter 

s= average output current of converter 

V s= line rms voltage 

rms 

I =s line rms current, 

rms ■ ' . 



f n '4 J 
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The power factor for each value of load current 


is calculated by measuring ^rms (®^^stant 220V, 50 Hz) 

and V,. • 

rms d 


Fig. 5*9 shows a plot of e35>erimental and predicted 
power factor variation with load current for different 
values of modulation index. 


Since the input current is non-sinusoidal an accurate 

rms meter is required to measure Due to non- 

availabilily of true rms meter in the laboratory, a moving 

iron instrument was used to measure The experimental 

and predicted results agree satisfactorily. The apparent 

discrepancy may be attributed, to the error involved while 

measuring ’I *. 

rms 




fig. 5.S Experimental verification for power foc^ 
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CHAPTER YI 
COHO 3USI OHS 

6.1 COHGLUSIOH 

A simple and, versatile pulse-width, controlled ac-dc 
converter has been studied in this thesis* It works 
satisfactorily with both passive load (Rl) and active loads 
(separately excited dc motor). 

The equal pulse-width modulation scheme provides a wide 
variation of output voltage. The output voltage varies 
linearly with control variable ’modulation index* for pulse 
greater than two in each half cycle of supply voltage. Equal 
pulse-width modulation with five pulse per half cycle seems 
to be optimum from the consideration of voltage variation 
range, linearity of output voltage and suppression of 
lower input harmonic contants. 

The study of input and output performances of a pulse - 
width controlled ac-dc converter fed DC motor shows that 
the pulse-width controlled converter has several advantages 
over phase delay controlled converter from the following 
considerations ; 

1, The input displacement factor is close to xmity over a 
wide range of output current. As a result of this 
power factor is improved considerably. 
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2, The harmonics in the input line current shift from 

lower order components to higher order components. This 
makes the filtering problem relatively easy since small 
sized filter components are required to filter them. 

5. Because of several switchings in each half cycle, the 

output current is continuous over a wide range of speed 
and torque. This may improve the transient response of 
the drive system. Also it may have higher efficiency, 
lesser cost, smaller size and weight since small sized 
filter inductor is generally required. 

The detailed digital simulation of the converter with 
RL and motor load shows that the modes of operation and 
their sequences remain the same for both types of load for 
continuous output current. 

This converter with a particular triggering strategy 
does not require precharging of commutating capacitor while 
starting the converter initially. 

Investigation of speed-torque characteristics with and 
without commuta,tion effects show that they depart considerably 
at lower values of modulation index. However, by using 
SCRs of low turn-off time and also by a judicious choice of 
commutation circuit parameters, the commutation transients 
can be minimized. As a result, the speed-torque characteri- 
stics with and without commutation effects approach each 


other 
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It has been observed that the turn-off time off erred 
to SCRs is lower that of SCR 3 ^^ This is due to the 
overcharging of commutating capacitor whenever S 2 conducts. 
The turn-off generally decreases with an increase in the 
load current. In this equal pulse-width scheme with five 
pulses per half cycle and modulation index of 0,5 there is . 
a reduction of t 1,5 percent in the turn-off time offered to 
from the ideal designed value of 84,25 psecs^at rated 
load current. 

6.2 SCOPE FOR FURTHER WORK 

The analysis of the converter-motor system using the 
method described in Chapter 4 may be carried out for the' 
discontinuous current conduction case. 

Since the spectrum of frequencies shift from lower to 
the higher, line side filters are to be used to suppress 
the higher order harmonics which further minimizes reactive 
power requirement from the ac supply line. It may be very 
interesting to look into the closed loop motor speed control 
with pulse-width modulation. The disadvantage of disconti- 
nuous current conduction which arises in phase delay control 
may be overcome. It is expected that the tiansient response 
with PWM will be improved. 

In this thesis studies are limited to rectifier opera- 
tion with the drive system operating in motoring mode. Since 
the converter operates equally well in regenerative mode. 
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Studies may be undei'taken to investigate this with both 
continuous and discontinuous conduction. 

Lastly , the four quadrant operation with a motor load may 
be investigated with two pulse-width ac-dc converters. It 
may overcome all the disadvantages of a phase-controlled 
dual converter. However, it may not be economical but the 
improvements in the line side and motor side performances 
may justify forced commutated dual converter. 
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appendix I 

LUMPED CIRCUIT IMPEDANCE REPRESENTATION FOR 

EC MACHINES 

A lumped dons'fcani; equivalent cinouit as suggested by 
Ewicg [is] is shown in Pig. A-1 below. 





Pig. A-1 


where 

R. '= armature circuit resistance 

Ai 

R. = fictitious shunting resistance 
^2 

L. +L. = total armature circuit inductance. 

-^2 

The above equivalent lumped circuit constants can be 
derived from locked armature impedance measurement at a series 
of different frequencies. Pig. A-2 shows the test circuit 
which can be utilized for determining the constants, noting ■ 
down the frequency, ac current, ac voltage and power fed. 
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Pig. 1-2 

The constants were found out for a 5 hp, 1450 r/min, 220 volts 
motor having an armature resistance R. =2.192 ohms. 

The calculated lumped circuit constants at rated field 
current are found to be, 

R. =4.6 ohms. 

^2 

1 ' = 17.5 mH . 

^1 

I = 5.3 mH . 

Since the output harmonics of an equal pulse-width controlled 
converter are very less, the eddy current model was found only 
for frequency corresponding to the speed of the motors 
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The motor hack emf constant (iC^) was found to he 

^h ~ ^ •578'?/ rad/sec , The motor is run as a generator and an 

emf vs speed curve is plotted. From this curve the hack emf 
B 

constant (K^ = ^) is calculated. 
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APmDIX-tI»A, 

mmrnfti^mmmmmmmmmm 


rTMnffl”Tup^w»BTlSi.^SLIiS®IPS^”^ SIMULATION PROGRAM WHICH 

rnNVPRlil !prn® Or^A^PORCED COMMUTATED 

&Mn Imp InppPJnfftLBAOA^OS^Ex « 125®'”^ I® THITIALLY ASSUMED 
Mnmr?ftTTnM^?Bn29*^?iBP5EPiH^„I«*|S/«3R A PARTICULAR VALUE OE 

f2^ AfeenlSn out, ^ a particular mode 

i®«»?i^RvRr ^w**^** found out on^y over 
A K*^J^P_0YCLE(AS THE operation IS SAME OVER THE NEXT HALF CYCLE 
>|^^jjg.J^ERATfONS ARE CARRIED ON TILL THE STEADY STATE IS 

DURING COMMUTATION IS CHANGEDCREDUCED) TO EQLLOW 
rLoPil DIODES DC1),DC2) CONDUCT THE MOTOR 

CONSTANT.HQTOR SPEFD IS ASSUMED TO BE 
CYCLE. INDUCTANCE A^D RESISTANCE ARE 

constant, the eddy current model of the 

MOTOR WAS UTILIZED TO FIND ITS RESISTANCE AND INDUCTANCE. 

THE NUMERICAL METHOD USED FOR SOLVING THE DIFFERENTIAL 
EQUATIONS IS "FULERS". 


DEFINITION OF VARIABLES 


SSwTHY, VARIABLE, DDsDlODE VARIABLE, DLaLOOP DIODE VARIABLE 
SS,DD,DL ARE LOGIC VARIABLES 

ISSsTHY, CURRENT, IDDsDIODE CURRENT, IDLsLOOP DIODE CURRENT 
VSS»THy,VOLTAGE,VDDsDlODE VOLTAGE, VDLsLOOP DIODE VOLTAGE 
VDaDIODt DROP.VSaTHYRiSTOR DROP 
Z1 ,Z2,Z3,Z4.Z5 are THE ETVF, STATE VARIABLES 
WHERE ZtaLOOPl CURRENT, Z2aLOOP2 CURRENT, ZlaOUTPUT CURRENT, 
Z4»CAP,VOLTAGE,Z5aINPUT LINE CURRENT 

XaPRESENT VALUE OF LOOPl CURRENT. XIaLAST VALUE OF IT, 

LlaLOOPl commutating INDUCTANCE 

ZZxPRESENT VALUE OF LOOP2 CURRENT, ZZIrLAST VALUE OF IT. 
L2=LOOP2 commutating INDUCTANCE 

YaPRESENT VALUE OF CAP. VOLTAGE, YlaLAST VALUE OF IT, 
CsCOMMUTATING CAPACITANCE 

WWapRESENT VALUE OF INPUT CURRENT, WlaLAST VALUE OF IT, 
VaPRESEMT VALUE OF OUTPUT CURRENT. VlaLAST VALUE OP IT, 

EaTHE MOTOR BACK E,M,F,,EMaINPUT LINE MAX, VOLTAGE 
TxTIHE.WxANGULAR FREQUENCY, RAlaARMATURE CIRCUIT RESISTANCE^ 
RA2aFICTITIOUS SHUNTING RESISTANCE. (LA1+LA2)»T0TAL ARMATURE 
CIRCUIT INDUCTANCE, RAaEOUIVALENT RESISTANCE OF ARM,C|RCUIT 
LA*EQUIVALENT INDUCTANCE OF ARM.CIRCUIT, LSalNPUT SOURCE IND, 
VCaCAPACITOR VOLTAGE.BaFIRlNG PULSE LOGIC VARIABLE, 

HaSTEP OF INTEGER ATION.OUTaOUTPUT VOLTAGE, 
FLl.rL2.rL3,FL4,Ft.5,FL6,Fl.7,FL8,FL9,FLJ0.fLll.m2 APf THE 
PLA6 VARIAbCiES.EACH CORRESPONDING TO A PARTICULAR MODE, IT IS 
USED FOR PRINTING PARTICULAR MODE, 

AMaMODULATlON INDEX, NapULSR NO., 

VDCaAVG, VOLTAGE, EKM sINITIAL VALUE OF CAP. VOLTAGE, 

ZZt,ZZ2 ARE THE VALUES OF STATE VARIABLES Z1.Z2 RESP, AT THE 
beginning OF THE HALF CYCLE, 

PlaCONSTANT.TORalNITIAL TOR&UE AT BEGINNING OF HALF CYCLEr^, 
ElaALLOWABLE ERROR IN OUT.CUR. .E2aALLOWABLE EEROR IN CAP-VOL. 
OaSHOWS THE MO. OF STEPS f6r wlliCH CALCULATIONS DONE AT aIiY 
OF TTMF 

lINIT,VCINTT,ZlfNIT,Z2INIT,25IMIT ARE THE„VALUES OF OUTPUT 
CIlR^i^T.CAP.VOLTAGElLOOPl CURRENT, LOOP2 CURRENT AND INPUT 

?iJgSSfli»g'^Ptel!i^!KSLJJriSf“cONSIA»T.CUR.I,b«0 CURRENT 

ARB THR VAIURS OF OUIRUI 

CURREM't,CAP.vAL^GB,LOOPi c6rRENT,LOOP2 CURRENT AND INPUT 

Current REskcTiVELt or half cycle 

IAVG»CALCULATED CURRENTCAVG)0VER half cycle 
TD aTORQUE CALCULATED FROM 1^ 

SPaSPEED FOR THE ABOVE TORQUE 



f%€W%r%n ^ ^ nan 


ii-i 


iip®li*iii!!i,;ia!r-.--..'»- 

CnMMON/DROP/VD,vl'^^^ 

C0MM0N/L0C5#l/X*XI,Ll 

COMMON/CAP/Y,yf,C 

COMMON/ScUR/^,vf 

COMMON/ICUR/WW.WI 

IksI^I sfis' 

C 0 MM 0 N/PAi/RA,IjA,l 45 

COMHON/CAPVO/VC 

COwMOK/riRIJfS/iCS) 

COMMON/STEP/H 
GOMMON/VOUf/OUf C 1000 5 

S§?f!!S^^£l'^SiiPtA!l^ 2 ,FL 3 |Pt. 4 |ri< 5 ,Pt. 6 ,FI, 7 ,Fl- 8 ,FL 9 »FI* 10 ,rLU,rL 12 

IP 11 li^‘ # ^ R« M iR ii I# |» # # w « «i 4i 4RP 19 w ft iff # Ri 4f •« li •» «i V i» « lit 19 IP' it fp if 111 IP i» « 111 IR) fi lii p IP « fv iii'i» <<11 IP « • ti IP 11' « IP iP « 

I PRINfiNG OP VARIOUS DESCRIPTIONS AND HEADING DONE I 


PRINT 1 
PRINT J 

FORMATC1X,130C**')) 

PRINT 9 

FORMAT t/ IX, "AS AN INITIAL CONDITION S( 2 ),S (43 AND 0 ( 2 ) ARE 
1 assumed to be CONDUCTING" ♦*•/) 

PRINT 1 

PIa 3 . 141 SfFLAG« 0,0 

<■ M <*■ •« <■ H M w w ■> • « • a fl) IP w « M •> in «i „ {• a Bi IK PI Ml «i •> HP « <* i« M <* « « «» « <• <• * • M a <■ «» •■ • * •> * <• « « 9 a* I* •* w «• 

I CALCULATION OF BACK E.M.F.USINQ TORQUE( ASSUMED) .CALCULATION OF I 
r MOTOR resistance and inductance using EDDI CURRENT MODEL. ALSO 
I INITIALIZATION OP CURRENTS IN DEVICES AND STATE VARIABLES DONE | 

aMMaaaaapiaawMaaaaaaaaaaMaaawn.taMaP'aiiptaitP «•■*•<• «i*ii*<PM4P«» «>••*«• VO woM'toa.apptiPviiP 


W* 2 , 4 PI*FRE 0 

TORssCUR^KB 

NtaB 

M «5 

AM«K/ 10 , 

CALL ALBECALFA.BETA.AM.N) 
CALL RATIOCALFA.BETA.N.R) 
vdc» 2 ,tem»r/pt 

E*VDC-CltR 4 RA 

WWEpE/KB 

SPEDSwWWETSO./Ca.^PI) 


FRR*SPEDS14,/120, 

WFRR«2,4PI*rRR 
G«RA 2 t» 2 +CWFRR>t«LA 2 )#* 2 _^ ^ 

RAiiRAl + CCCWFRRtLAlpiaHRATJ/G 

EMSi|M+CURisiRT|LS/S) 

PRINT ni,ZlCU.Z 2 (i).Z 3 Cl),Z 4 (U,E 5 Cl) 




12% 


C 

c 

c 

24*5 

120 

150 

201 

201 

205 


C 

C 


80 


16 

C 

C 

? 

c 

c 

14 


40 


p^iwf I 

E1«CUR/100, 

E2WEMH/100* 

**!? I* J? I* J ^ f* **• ^ •*•• IP !•■■*(*••• w ^ ill «*••■■ PI f»' » i* «»«*•• Wf 

I INIflALIZATJON OF khh 6TATE VftRIABIiES DONE 


t# 


ft IP w ii'^:f!*iip.iii-iii''iiiiii ig PI pifg.p»^:pf m « 


ITNITsCUR 

VCINIT»«EMM 

IllNlT’wO.O 

Z2INlTt0*0 

Z5INIT«0.0 

VliillNiT 

Y|«¥CINIT 

wf«Z$IMIT 

XlfZlINIT 

Tt§,0|J«2lAI«*0.0 


PI PI «t fi ,«p p» # it « « Ip pi Pi PI PI PI PI PI IP pi Pi PI IP IP PI pi PI OT p IP IP PI PI «ir i» PI PI PI p .pi .pt- IP IP w p PI p|» IP IP .p| Pi pi pp •! PI PI PI PI ip. PI Pi «f « 4 Pf PI 

! VARIABLE VALUES Of THY, , DIODE, LOOP DIODE AND GATE I 

J FIRING ARE FOUND ■ I 

if IP ft PI IP pi> p» « Pi ii' « pp pit p^ «i if pi Pi Pi ip PI PI IP PI pi pp IP PI PI PI PI pi PI Pi PI PI PI PI PI pi IP IP PI IP IP PI IP PI PI PI PI w PR pt Pit IP IP PI PI IP PI pp Ip PR PI p» 

FRE0,N5 
VDL,J) 

VDD,a5 



IP IP fW PI piip IP PI pf PI IP PI pi PI ii «p p Pi «p PI IP Pi PI PI p ft it if PI' pi ■» Pi 'IP ip IP Pi pf IP Pi IP pi iP IP .« 

I STEP LENGTH CHOSEN ACCORDINGLY 

PI 'PI 'iP . PI p» w PI Pi Pi PI PI' PI pr PI PI IP PI PI 'PI PI IP PI PI PI pp PI Pi Pi Pi PI Pi PI Pi iP' Pi fp Pi PI ^pi Pi PI 'Pi pi ip 

ir(DLCl,J).EQ,i,)GO TO 16 
1FJD^J2^J).EQ,1,)G0 TO 16 

GO fo' 14^ 

HssO. 000006 


PI if IP .PI PI IP it ip. PI Pi w PI' PI Pi Pi ip fp PI Pi IP Pi ff 


• PI 'Pi PI PI IP PI pi< pi PI It if Pi PI PI PI Pi pi «i Pi n PI 


I IP. PI PI Pi pi PI PI PI Pi PI fi IP PI ip • pi PI Pi i 

ALL THE VALUES OF STATE VARIABLES, CURRENTS IN THY,, AND DIODES 
, VOLTAGES IN THY*AND DIODES ARE FOUND OUT„AT BACH INSTANT OF, 

” CURRENT HAS GONE OONN TO 

NOT , . 

I PI ' ii.p Pi .pi Pi fp IP ti' PI .p» n PI' IP ft IP fP » ft' Pi PI ip ill fi' ' «i' -Pi •' . 


I ^uu inti* ur oi’aiu# pwki 

I .VOLTAGES IN THY.AND DIODES ARE FOUNl 
f TIME, LOOKING INTO WHETHER THE OUTPUT 
I ZEROCi.e.DISCONTINOUS CONDUCTIQNIOR I 

.ifipippFPipiPipiPipiplPIpiPIPVfpiPvWPiP'Pfiil'PlPPirii 

CALL LOOP21 
|l(J)»X 
CALL LOOP12 

call^oStcur 

iim 

CALL CAPVOL 
ZAC.nwY , 

ifczScjkgt.o.oigo to 30 
CALL DISVOL 
DO 40 lull ,2 
idl(:i)po,6iidd{I)«o.o 
continue 

DO- 50 ltl.4 
ISS(I)»0,0 


W::.. 


. • ' 

■ ' ■ ■; 



50 

30 

10 

60 

66 

69 

68 

70 


C 

C 


71 

72 



.Wg,U)G0 TO 10 
.NE,I,560 TO 10 


CONTINUE 
GO TO 70 
IFfDDi 
IF(DD( 

CALL I , . 

ZS(J)»WW 
CAUU BOTH 
CAUL OUTVOL 
CALL VOLTAG 

in^gCLvJJ.NtfUjGO TO 60 
lFtDDC|^CJl,NE.l*)GO TO 60 

J§:i:ig8 iS II 

lr(DD(ljJ,.M.l.,=D „ 69 

Z5CJ3«?.3CJ) 

WW»E3fJ5 

CALL CUIRREN 

pwXlJIwYfZZlwZZlVI-VfWIaWW 

T«T+M 

TT|a|«T 

Ip|*Lf*Oi'OlisO TO 00 

VCrlMAfY# iriNAL»V|ZlFlNAaXfZ2riNA*ZZ|Z5FlNA*WW 

IF£FLAG,EO,0,0)GO to 71 

It if # i# li # II ii» # fi;i M ili ii «» # iv «R ffii « IP « w w a» «• p iw i« :ip IB. • 

! fHf SOSflERGBNCE OF FINAL TO INITIAL OUTPUT CURRENT SEEN AND 
I TMi INITAL VALUE CORRECTED ACCORDINGLY 

' 'if If If If fi If ' fN If fv fi it It « t» w iNiiii- i 


IFCA8S(IINTT-IFlNAL).GT.C2.iEl)JG0 TO 05 
GO TO 7 2 , 

IFCABSCTINTT-IFINAD.GT.EDGO to 85 
lAVGaAl/MM 
TD«IAVG*K8 


240 

250 


235 

239 

III 

199 


« M It w fi If it ' it it It tf it ii If It if « If I* 99 if « If It it If it 4if it w I* fN it it It « If 9» fi ft ii it If i* if » 

I THE CONVERGENCE OP CALCULATED TORQUE TO ASSUMED TORQUE. SEEN 
f AND THE BACK EMF CORRECTED ACCORDINGLY TO CORRESPOND TO TORQUE 

if Mi ti if « ft If it t» 'ti « . fi ii it ft' ti ti it if ' it If t» ti' i*' Nf « ft ft 99 if If if It ft If ff «• ft ti fi If ft fi * fi if it If If It ti f» fi if fi w t» if fi «9 ft » 9P I 

IP(AB5(TD«T0R).LT. 0,5)60 TO 220 

IFCTD,LT,TOR)GO TO 250 

IF(ABSCTD-TOR).GT, (5. *0,13)60 TO 240 

EaE+0,1 

GO TO 249 

S 8 ® K 4 * i t 

GO TO 249 

DO 235 KKKal.MM 

IF(Z3CKKK).NE,0,0)GO TO 235 

IF(AM.LE,0.6)G0 to 237 

GO TO 239 

CONTINUE 

K«E-0,25 

gn^TO 249 

Ijlii^T.O.OSGO TO 245 

F§RMAT€5X,'***SPEED GOES DOWN TO ZERO BEFORE LOAD TORQUE IS 
IIS REkHED***’) 


STOP 


11*4, 



180 

202 

too 

204 


C 

C 

C 


GO TO 20t 



Z2riNft)ao TO 202 


^2IN|T;z|iniT..E2 

v 0 T 0' . Z V 5 

STOP 

B»}D 


I MAIN PROGRAM ENDS | 

W gi • III ^ II III ill iir ,*| III IP *11 1* III llll III III » ^ ^ ^ ^ ^ IP ^ gp ,, IP ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 


to 


to 


c 

c 

c 


(J W»8t*i4w«ii*|iiiR#iiP«i#iiinfiiiMiigfii«««»iW4ifiii«tt«PMM« MP'Mip.gi » «iippi»ip.i»iii#pwgiipipipipiiif»4ppiigfpipf».ip't»« nt'-fi m 

C I CAttCUliATION OF FIRING AND EXTINCTION ANGLES DOME I 

C; mm^mmKi^iii$m^mmmwmmmm*i»i<*m^mmm*$9fmmmmiKfmmmmwmmmmmmti»m^mmmm 

Do |0 i»| .K ' 

?lCI)||||#i-l.+Y)*PI/(2,»K) 

torn^® 

ND . 

mmll^mmmmmmmmmmmmmmmmmmmm9»'9|^.mmmfl^mmmmmmmmmmmpmm^m^mmmmmmmmmmmmmmmm'mmmm 

I FINDS THE D,C. VOLTAGE RATIO ASSUMING CONTlNOUS^CQNDUCTIOH ^ | 

SOBROUTTNE RATI0CW,X,K,Y5 
DIMENSION W£50),XC50) 

AR*0,0 
no 10 i«i.K 

AR«AR+C0SfWfm + C-l,)f(C0S£XCI))5 
CONTINUE 
Y»AR/2, 

RETURN 

END ; ' ■ ■ ■ , : ■ 

IP i» ii IP i» ii Mi » w-i* •* IP I* wi IP ii • III ig 'lit i« If IP w fg ili 111 Ip » 

I FINDS THE GATE FIRING VARIABLE AT PARTICULAR TIME. • • { 

IS PR PI p PI IP IP IP gg m IP IP IP p PI ill ip PI « PI IP p . ip IP gi gg Ip IP ^pi M pi « PI «g it PI IP gi PI gf fgi « PI tw «| PI p» pi ft Pi «|4-Pl'«i gi V iP gg « ft « fi «i V 'lll.:il 

SUBROUTINE MODE CX , Y ,Z ,U ,N) 

DIMENSION Y(5) 

PI»3,1416 

THETAaX^a^MPI^U 

A»PI/N 

IFCTHETA.LE.AIGO TO 10 . 

IFfTHETA,LE,C2*»Aj5GO TO 20 
IF(THETA,LE,(3 .*Aj 5G0 TO 30 
If (THETA.LE,C4.gA))G0 TO 40 

IF£TftETA.GT,C4,tA+A/2.))G0 TO so 
GO TO 60 
40 AK»4, 



30 

20 

10 

SO 

90 

70 

SO 

80 


c 

c 

c 


40 

10 

20 


30 


C 

c 

c 


60 

40 

10 

20 


I^f|HB|A.«3T,C1>ft+A/2,))Sd TO 50 

wu Tw OO 

AK««3j, , , , 

J|ljC^gKTA,QT,C2,»A+A/2,))(S0 TO SO 

TO 50 

(JO fO 60 

1^ ijl , j|, ■ . ,i , 

irCTfiETA.GT.a/alllOb TO so 

irtlPf Cf>*ABSCVC)).<3B.0.0500 TO 70 

GO to 90 

CpT|NtJE 

PtWRN, 

fiBD .o-' 

•' * ir, <' a 

r r, , .V fr ^ ^ ., . ; 

fl # • # fl # I# # III # i# # li '<# it «P # I* 4» III IP •' ft • «4I i4 li i(« IW i» •!• i* » «• fl f* li W I* •» « w III • » • 

I rtUBS fM« OIOOE LOGIC VARIABLE 

li 'li- i» I# #' it # |t% If # if 4f fP *1 • I# Ai « it » ill «P 111 • W «• Ip AP i* 4li «• lil W 


NE OIODECX.Y.Z.I) 

If XC5>.YC5,1000).Zt5) 


m 

■ »o.o 



ycj.i)»i. 

z(j5»o.o 

>J® J4" t 

IFCJ,GT,2)G0 TO 30 

GO TO 40 

RETURN 

END 

«i ■*<■•■■*• w ••■■•■<■ «i «• V aiKixx OTKHiK p> «i <•)• w n •• I* ■••■•D ai *<••• «it'i» <• W •• • W*)!* ww ** • 

I FINOS THE THYRISTOR LOGIC VARIABLE 


SUBROUTINE THYRIS • ^ 

COMMON/LOGIC/Y(5.1OOO),yY(5,lOOO),WC5,lOO0),JJ 
C0MM0N/CUR/XC5) ,XX(5 ),XXX<s5 
COMMON/VOL/ZCS) ,ZZ(51,ZZZ(5> 

COMMON/FTRIMG/UCS) 

J*1 

iJJiJ«JJ*l 

IFtUCJ).Eaa,)GQ TO 10 ^ 

IFCXCaj.GT.O.OlGO TO 20 
, JJJnO.O 


X 

0„ 

ir 


0 TO , 

'i'i 


5o 


GO TO 45 
Y(J,JJ)«1. 


.GT.O.OIGO to 20 
GT,0,0)G0 TO 20 


II-7, 



ij JH J , , 

Tb SO 


§0 TO 
GO TO 70 
)GQ TO SO 


70 

7< 


yc|,oj5io. 

END 

it • tt « W «l| * fll '« # 'ill i» « .|p III IK ill IP lg l|f IIP 11^ !• IP IP III lll^ IIP IP llpi^ 

I riNDS VADIIK or STATE, VARIASDE Zi I 

• w ■! «b M m «» «l agi n *p 1(1 iM •* M) W M m •• a M «t w am •»■■• i» •» «p m M w «•«•)«■>•• m >* w >• (taiw HI IS ••> «••*.*•*•••<■*«•<* iw 

SUiROUTlNE Loopai 

*^MMiw/^gp|C/WC8, 1000), TTC5, 1000), TC5,iOOO),J 


MMQN . 

MMp/- 
iip/ 
HMON/ 

few 
f ff!3)«o 

BClSsOsO 

RETURN 

END 


olpA.z 

ATll/tClOOO) 

S/iSf5),BBR(5),BC5) 

,0)G0 TO 10 
.0)GD TO 10 
V)/Z)»A 
0)G0 TO 20 



I FINDS THE VALUE OF STATE VARlAiLE Z2 I 

SUBROUTINE L00P12 • ' 

COMMON/LOGir/W (5. 1000). WWeS, 1000), TC5, 1000), J 

CDHMON/DROP/V-U 

C0MMQN/L00P2/X,S.Z 

COMMON/STATEl/YCtOOO) 

COMMON/STEP/A 

C0MM0N/f!UR/BBC5) ,BBBC5).B(5) 

f jw J« 1 , , 

rCTC2,J),E0.0.0)G0 TO 10 
IF(W(1,J),EQ,0,0)GO TO 10 

x*s+c(i-i.)*(ycjj)+u+v))/z)»A 

If(X.LT.0,0)Gn TO 20 

GO TO 10 

XsiO.Q 

|C2.J)«0,0 

Bi25*0.0 

RETURN V 

END ' ■ ' 

I FINDS THE VAlitJE OF STATE VARIABLE Z4 t 





20 

to 

50 

40 

30 


SURROIITTME CAPVOIi 


i# ^ AAAi -ai.-sx^il^^Stl^QnoOO) 
CnMMQN/ftJR/|»ppfS),P(5),pp(5) 

v o 81 ^ j ••■' 1 

|f mb :il:i: 

PCI 5«of jJ3 

|*»jCC|-l.)*CPCi)+Y(J)))/V)*AA 

A«|!!|llaU5?i!3jiTC2%)?ZCJ3+UCJ)t0(2,J)5/v 

piiO « 0 

003$ 40 

|•|•^,J♦eWC4»J34fCl,J)♦Z(J)4YCJ>♦D(l.J)3/V 

, ^ I I ’>' A. ii “ . , 

I# 18' il ii 0 III f* M' «« l« « III lit M ip w «R •» ail «i w lit «» If iii fit i» w in' «» w 9 v nt HP «9 « ■• ill Ml «» 

I flUOi |Hf VOLTAGE ACROSS EACH ACTIVE DEVICE WHEN OUTPUT CURRENT 
I FAIiIi? OOiN TO ZERO l.e.WHEN ALL DEVICES ARE OFF 

# Ml i» •* 4) 4l> Mt ^ *«*»•••••■•» w Of •■••<•••••«•■•<■■■*••■••• •l«•|■•■•• HP «••• a <•«■ w M ■■««•■• M •*« Ml n <■«»■» w ••«<«■ «i «■ at ■•*•<■ i« ■* «l 

SUBROUTINE DISVOL 

C0«M0N/V0L/D(5),E(5) ,CC53 

COMMON/TIME/A,X,Z,y 

COMMON/CAPVO/S 

FaA/3, 

GsR/2. 

HaX*s!N(Y*Z)/2. 

DC1)«C-1,)»CF+G) 

DC2)sG-F 

DC33*C-1.)ICF+H) 

DC 43«H«F 
Ea)»G-F-H 

E(2)»H-GMr 

Ch3*-Dfti 
C(2)«»DC2; 

RETURN 
END 

niiiiliWiniiiaiiWini'iBRfilMNiNNipvRipni^ipiiiiiiiinilliiiRliNiiiiliiiifn'iiBiiivvto'iBtRiin'WWW iffR'i* w i 

i FINDS THE VALUE OF STATE VARIABLE 23 

IP IP I* in an in i* an in in ♦ w iw IP •• an ni I* i» * !• i» I* 111 11 .an « SB 'III « 

SUBROUTINE OUTCUR 
C0MMQN/0CUR/V,0 

COMMnN/DROP/R,S ^ , 

COMMON/LOGIC/C(5.1000),BC5.1000),BBB{5.1000).J 

COMMON/PAR/U.T.A 

COMMON/TlME/W^XiVfE 

COMMON/STATEl/ZClOOOt 

COMMON/STEP/CC 

iJf m Jf na' jt 

IFCCBa,J3-B(2.J)3.EQ.0.03GO TO 10 








SPlIil'Se:;: 

sSliililii 



20 

40 


10 

30 


C. 

c 

c 


10 

20 


C 

c 


10 

40 


ri»x*siMCE*y) 

G»U*D 

H»2.*S .V 

f ? ( ft ?f r ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ‘ ^ 

BB«0,0 ' . . 

GO TO 40 j 

JJJ^|"l*>*BC2^J)*C(4,J)»CCW+G+H+R3»C(2.J5+CW+G+H+R+Z{aJ))*C(l,J) 
A fts^i 0 • 0 

V»D+?AA+Ba)l«CC 
JI^CV.OT, 0.0)00 TO 30 

GO TO 30 
V»D . 

RSffJRM 

END 

■>«<■ w « w • .t «<* w <. a. a . 1 M w *!*•<•«• «i IK n> I* w ■• laiiai «•« w *• a. «••*•«• im «•*« I. « •*<■>■.■■ I. •■ w «•« m M tv m «i M ■* IB laiB a. 

I FINDS THE VALUE OF STATE VARIABLE Z5 I 

*4 I* ill It III V ii «|l IIP ^ ^ 1^ lit III i« f» III, IV l^f, III 9 lg ^ ^ III ,1,1 IP PI IIP |p. IIP .|p III .«li ,1^ ^ gl ^ IP .|g ^ IP ^ IP ^ ^ PI, ^ 

aUBRbUf Igl! IRPCUR 

IHONf lOiUR^X • D 

JSSH-Ilf f ® 0^0 5 » f 5 , 1 000 ) » SBB c 5 . ! 000 3 . a 

i!!l(BS«lep/6D'''’' 

JN«0l*/STATE/PPC1000),PPP(1000),P(100O),PPPPaO00) 

- - ' - “ 0)G0 TO 10 


BB*0,0 
Go TO 20 
88«(CF+Z4(J)3#BC4,J))/Y 
A A an - A 

X30+?AA+BB)#DD 

IF(X.GE,PCJ))X«PCJ) 

1ECX.LE.O,0)X«0,0 

RETURN 

END 

11 •§ l» w w •» Ml «» 'IW «' iv « 9 M 4i|. IP f* « IB w IV fli « il «i w :|V fV 1« IP IV IP ««« '«■ ip i» ii «i:ii V'iV'fK 11 v w Vf w 

FINDS CURRENT ACROSS EACH CONDUCTING DEVICE WHEN BOTH DCl3 AND 
Dt2) ARE CONDUCTING, 

SUBROUTINE ROTH 

COMMON/LOGIC/Xf5, 10003,1(5, 10003. Z(S. 10003,0 • 

COMMON/CUR/D(53 ,EC5) ,CC53 . « 

CnMMON/STATB/PCl0003,U(10005.BCl0003,W( 10003 

D(45aBCJ3 

ECi3«W(J3 

EC2i*BC»J)-W(J3. 

IF(ZCl,03,E0.1.)Cfl3»P(J) 

IF(ZC2,J3,EO,l.5CC2)iiUCJ3 
ir(XCl,U).E0.l.3G0 TO 10 
lFCxb|J3.E0.1.3G0 TO 20 

ir(EC2i,Ll.0.03GO TO 40 . 

GO To 30 ' ^ 

DCnaR(03+UtJ)fTC2,J) 


II-IO, 


EC23«0,0 



20 

50 

30 


C 

C 

r 


GO TO .10 

5j2)«?fj;)+PtJ)tZ(l,j) 

FINDS 1 HE VOLTAGE ACROSS EACH DEVICE WHEN THEY ARE OFF 

COMMON/DROR/S.C 


ECXCiJj.i 



SCl)»CC-BCJ) 5 fXC 2 ,a 3 

:i: : i ?: 

4,JK|Q,0*0>S(4)*fCTG)*XC3f J) 
»^/*i9*^«.G;pC13a(«l,)*SCl5 


? f?s 

EO* 0 , 0 )TC 2 )»CE-BCJ)«G)*Ua.J) 


; 'P' |!| il 4i ^ ill !• il i» « III «• w w «» iw iiM M « M «» li ip w» i» «» It «« iM « in iii ill liil It ili i» ip «i '» ii « iii it iii IP iw «i • w w «» iR « «i i» «i « « I* 

I FINDS THE CURRENT THROUGH EACH DEVICE WHEN THEY ARE ON 

mw'^mmmi^mmmmmmmmmmwmmmmmmw^mmmm^^mmmmm^mmmmmmmm'^'Wiimmmmmm 


SUBROUTINE CURREN 

COMMON/LOGIC/XCS.IOOOJ .y (5, 10003, W(5, 1000) .J 
COMMnN/CUR/EC5),Ff53 .DCS) 

COMMON/STATE/ZC 1000 3 , AC 1000). BC 10003, CC 10003 

' «XC4,J3*CBCJ3+ACU3»W(2.J33 

■XC4.J3*€BCJI3TZCJ)*W(l.a33 
»BCJ3 
aBCJ) 


lFtXCl,J3,E0 

iFCxr “ 


<me fr ’mr tr ^ ik ® ( 

. . .^2, J3.EO.l.3Ef2; 
IFCXC4.J3 ,E0.1.3FC4 
iFCYClIjKEOa JfCI 

IF(YC2lJ3.E0.1.3rC2, 

ircwci .j3,EQ,t,3D(i5»zcq) 

irCWC2.J3,EQ.1.3D(23*ACJ3 

RETURN 

END 


!3*BCJ3 

. J8’ 


C 

c 

c 


IS 


I FINDS THE OUTPUT VOLTAGE 


pppipMpiipppPilippplfpppppppppppppipppp 

■ ■ ■ ' 'I 

p p ii 'i» •! p P p » p «» • «• • • Ri «• «l ii • p • p p p l» » I 


SUBROUTINE OUTVOL 
COMMON/VOUT/OUTC 10003 
Cr)MM0N/STATEl/Z4C 10003 

?SS5r^E5Sf0i!S;l6So,,rcR.iooo,.zc=.iooo).a 

F«EM»STNCW’*tT3 

IFCXCl ,J3,NE.1,.3GO TO IS 

irCXC4.J3.NE.l,3GO TO 20 

ircxfal J3 ,NE,t,3GO TO 20 
irCXU jj.NEllMGO TO 
IPCyh,J3,F0.1,3G0 TO 


11*11. 



10 


40 

70 


r 

c 

c 


25 

IS 

40 

20 

30 

50 

fiO 

70 

flO 

19 

90 


1 

too 


RETURN 

END 

************’** ^ *****••*•'• ^ *'* ^ •*•* •^ * P W if 5f Ip «i 1# *i w » PI » 

PRINTS THE STATEMENT FOR A PARTICULAR MODE 

* • » I* fi* «* iP |» IP «IP fp i» 11^ ipi ,1,, IP ,11 IIP ^ip PI PI IP ipf ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ gl( 


SUBROUTINE PRIMODCU) 

COMMON/FLAa/PLl,FL2,PL3;FL4,FL5,FL6,FL7;FL8,Ff.9, 

|ECSiC4.ijKEQ.i,)'SO TO 15 
«0 TO 200 

J}:l§:l:ji8 18 ir 
!F{|fy{:l8:!:J88 ?8 18 

'I?-I8*M88 ?S 18 

jl|gClgJ)#®Q.lt)GO TO 60 
irC00ci#0)*EQ,l.)G0 TO 70 


FL10,FLll,Ft42 


jjfDLC|^ji;EQ;i;)Go to uo 

IFCOLC2j3kEQ,1.)GO TO 130 
GO TO 140 

IFfDDCl,vn,E0.1,)GO TO 80 
IF(OLCl,UKEQ,l,)GO TO 170 
GO TO 180 

IFCOLCl.Jl.EO.l.JGO TO 190 
GO TO 210 

IF(nLC2.a),EQ,1.5GO TO 90 
GO TO 100 

IFtOL(lja).EQ.l.)GO TO 150 
GO TO 160 

FORMATC/lXyiaOl'-')/) 

IFCPIil FQ i 3 GO TfO 200 # *’ 

Ffj2»0 , t FIi5«^ . f FLAaO , f FLSaO'. $ FLSaO , t Whl»o\ ? FLBsO , t FL9»0 . iFLtOaO . 
Flill»0,|FL12«0. 

Filial « 

PRINT 19 
PRINT 1 

FORMATdX,'** "NEW MODE BEGINS.THE ACTIVE DEVICES CONDUCTING 
IHERE ARElSCll»S£4),DCl)fDC2),Dt.C2)" 

PRINT 19 
GO TO 200 

P*Q 1 3 GO TO 200 

FLiaO,jFL,^a5.>FL4aO,|FL5aO,?Fi:.SaO,tPli7aO‘.rFL8aO,lFli9»O.|FLtOa0. 

FLllaO,|FT42aO. 

FL2al, 

PRINT 19 

pofwf 2 

rORMATflX,''** "NEW MODE BEGINS, THE ACTIVE DEVICES CONDUCTING 
IHERE AREfS(l).S(4),DCnRD(2)" ♦**) 

GO TO 200 , ■: 



11*12. 






iin 

3 

120 


130 

S 

140 


6 

150 

7 

160 

S 

170 


|ffP*03,EQ.l.)GO TO 200 

Fl43«l.* *' ■■ * 

PRIWT 19 

SSPT I- 

I!9?? DEVICES C0»IDUCTIN(3 

PRINT ♦♦'3 

GO TO 200 

200 

**^’^^**’* *^*^'^*^* ^*^^®*®* ^^^*’*®* *^^*®*^* 

FL4*i/ 

PRINT 19 

Print 4 

MODE BEGINS, THE ACTIVE DEVICES CONDUCTING 

IHIBS fSE*s(i>,sc4),Dcu" *»") 

PRINT 19 
GO TO 200 

IfCPM.iO.l.IGO TO 200 

FlIllJS 

PRINf 19 

PRINT 1.1 

fOiMAT||X,'4» "NEW mode BEGINS, THE ACTIVE DEVICES CONDUCTING 
lHpi:ARElSC13.SC4),D(2),nLC23« #»•) 

PRINT 19 
GO TO 200 

If erD6,E0.1.3G0 TO 200 

|I#|»0,?rD2»O,|FL3*0,frt4a0.|FL5eO,|rL7»O.»FD9»O.irL9wO.fPIit0?»O, 
fD|l*0. |rDl2*0. 

FD6*1 ■ 

PRINT 19 
GO TO 200 
PRINT 6 

FORMATCIX,'** "NEW MODE BEGINS, THE ACTIVE DEVICES CONDUCTING 
IHEPE ARE1SC1),S(43,DC2)" 

PRINT 19 

IF(FL7,FQ.l,3GO TO 200 

FD1»0, JFL2«0, |FD3«0, j FL4«0, | FL5»0, |FD6»0. IFDBsO, iFliRapO, |FD10«0* 
FD1H*0,?FD12»0. 

FD7al. 

PRINT 19 
PRINT 7 

FORMAT(lX,'»» NEW MODE BEGINS.THE ACTIVE DEVICES CONDUCTING 
IHERE AREjS(2).SC4),DCi3,DC23,DDCl3" ***) 

PRINT 19 
GO TO 200 

T IT f Ft A WO 1 \ r*n Tfi Of) ' ^ *' 

FLl*ojFL5»5.jFD3«0,|Fl.4«0',|FD5»0,|FD6BO',lFD7«0,|Pl49sO,fF!,10aO, 

FL11»0,|FD12*0. 

Ftflal , ^ 

PRINT 19 

PRIMT 8 

FORMAT ( IX,'** "NEW MODE BEGINS, THE ACTIVE DEVICES CONDUCTING 
IHERE ARE*Sf25,SC43,D(U,DC2)" ♦♦'3 

PRINT 19 
GO TO 200 

iFilaoJ iFL4»0‘.|FD5P0.lFi:i6a0', fFD7«0,irifS»o‘.frL10aO, 
FDil»0.lFtl2*0. 

Fti9«l, ' ■ 

PRINT 19 


11«13, 



180 

10 

190 

11 

210 

12 

200 

(! 


Print 9 ■ 

COHOUCTING 

PRINT 19 ' , . - ■ 

92 TO 200 . . 

irjFLlO.EO.Jt.Jgp TO 200 . . ^ ^ ^ ^ 

fFri7aO,|Pl)«BO. pFfjOaO, 

PRINT 19 

PRSnT 10s 

!'n5!!S'’^JH'!!L begins, the active devices conducting 

IHERB ARE|SC2),SC43,D(2)** ♦»") 

PRINT 19 
GO TO 200 . . 

IFCP&lliEO*l*)GO TO 200 , , 

fHoSS^ lF04»s0.rFL5«0, f ri,6a0. iPUTaO. f FL8aO, iFLOaO, 

PRINT 19 
PRINT I 1 

PQRHATC|X,'99 "NEW RODE BEGINS, THE ACTIVE DEVICES CONDUCTING 
IHERE AiE|S(23,SC43,DCn,DUfl>« *♦') 

PRINT 19 
go Tp‘ 200 , . 

IrCFli'll 'EO- 1 )GQ TO 200 ■ ■ 

r|*}*@-##li2F0tfFli3«0,fFl44HO’.|FIi5»0,fri.6»0'.|FU7aO,»FL8«O,jFl.9aO, 

r|i|Oi«p#f flii«o, 

Ipl'jo 

»»f M# 12 , 

^0RHAt! 1X,'49 "NEW MODE BEGINS, THE ACTIVE DEVICES CONDUCTING 
IHIRE AREfSC2),5C4),D(l)" 

PRINT 19 

RETURN 

END 

IP « IW Wi ii •• Willi* i* ill «N 9* W Mi ii !•' I* IIR I* fP'lil » lit •» 'IP iW 9* ■•»•»••• »II9« w 99 •• Ri •» 







*^0R SIMUliftTlON PROSRftM FOR THE AC-DC CHOPPFR 
fJJgTNgj^gpSEPERATEI.Y EXCITED DC MOTOR. THE LISTING IS ONDt FOR THE 

i* • « « ii IP IP • * III ^ i* W gl III ^ » 1,1 *» PI ^ III ^ ^ ,p ^ pi ^ ^ ^ ^ ^ ^ ^ ^ IP ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

f COMMOTATING ElifMENTS ARE»Ll»l42*,000lR2H 

S2A22$2i®f^iS|W| sddrce inductamce»,ooo39oh?motor back emI*. 

CDRRENT MOOED MOTOR PARAMETERS APE* 
np5YSmyElB.**5^2ILB®i^®^*^C®®?A^920HMS,riCTIT10lJS SHUMTIMG 
RESISTANCE ««4.60HMS,T0TAD ARMARTURE CIRCUIT INDUCTAMCEw,022SH 

mmrnmmmmmmmmmmmmmmf^mmmmmm^mmmmmmmmfitmmmmmmmmmmmmmm^mmmmmmmmmmmmmmmmm 

SC2),SC4),DC2) CONDUCT INITIALLY, 

IP IP PI nnp ip IP PI in PI p. PI I* Pf ami IP ^ ^ ^ ,p IP ^ IK m ^ „p ipinj gi, ^ ^ ^ ^ ^ ^ ^ „p ^ m l^iiP ,p PI ^ ^ ^ ^ ^ ^ ^ pp ^ ^ pij ip ^ ^ ^ ^ ^ 

9^ state variables ARE|Zl»0.0,Z2»0.0.Z3»l0.1r 
Z4*»»361,S,ZS*0,0 

PI p Pi PI PI ^1 W w PI PI p ,pi fp IP pp PI PI PI Pi PI PI Pp PI P|, II p, PI PP IP PI PI IP PI IPIP PI PI IP pi PI IP PI PI Kk PI » PI M9 «i V PI Pi PI iV «P fl» PI iP Mi fv PI PI PI PI PI 

OUTPUT CURRENT* 9,756AMPS v SPEED* 671.5RPH 

M pi « W ^ tM PI MM IP Pi ip PI IP Pi m PI W pi pi< pi PI PI PI PI PI IP •» Pi Ip PI IP Ip Pi Pi IP IP PI Pi PI IP n PI PI Plip PI PI pi PM IP pp Pi PI PI Ip Pi PI Pi PI pi p Pi PI 


I 0 t 

CAMRS) 


ID 2 
CAiRS) 


CAMPS) 


VC 
CVOLTS) 


I 

CAMPS) 


VS 
CVOLTS) 


TIME 
CSECS) 


PI MM PI PI PI PI Pi Pi MM «R PI Pi PI It PI Ip PM Pi PI IP IP IP p) MP >pi PI PI IP PM pt Pi fp PI PI PI PI IP Pi PI Pi PI PI Pi PI PM PI PI PM « p» PI PI PI PI PI PI IP PM Pi PI pi pii Pi pt PI Pl< 




oioo 

0,00 

2*22 

0,00 

0,00 

0,00 

0.00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 


^ f 

JtQL 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0.00 
0.00 
0,00 
0,00 
0.00 
0,00 
0,00 
0,00 


9.18 

8.65 

8,54 

8,44 

Ml 

8,23 

Ul 

7 :bo 

hit 

7^49 

7,39 

7,28 

7.18 

■^•25 

6,97 

s *§2 

6.77 

6,67 

else 


• 289,20 
• 289,20 
• 289,20 
189,20 
> 89,20 
J 89,20 
j 89,20 
• 289,20 
- 289,20 
- 289.20 

• 289,20 

- 289,20 

- 289,20 

- 289,20 
- 289.20 
- 289,20 
- 289,20 
- 289^20 
- 289,20 
- 289,20 
- 289,20 
- 289,20 
—289 , 
- 289 , 


0,00 

0.00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

t:tt 

0,00 

0,00 

0,00 

0,00 

0,00 

0.00 

0,00 

0,00 

0.00 

0>0 

0>0 


0,00 
0,00 
0,00 
0.00 
0,00 
0.00 
0,00 
0,00 
0,00 
0,00 
0,00 
0.00 
0,00 
0.00 
0,0 
0,0 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0.00 

0,00 

0,00 


,000020 
,000040 
.000060 
,000080 
,000100 
,000120 
,000140 
,000160 
,000180 
,000200 
,000220 
.000240 
,000260 
,000280 
,000100 


,O 0 O| 4 O 

;ooo 36 o 

,000380 

,000400 

,000420 

,000440 

ittttn 

:SSSlsg 


MODE CHANGE|S( 1 ),S( 4 ),DC 2 ),DLC 2 ) ARE 


0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

olto 

0.00 

0,00 


.97 
.75 


I 

76.2 

34.2 
41,13 
4§;77 

55.02 
60,49 


s« 2 l 

6,77 

6.80 

M! 
6. 11 
6,85 
6 . 8 * 
6,8 


- 282,97 

- 273.21 

I 

> 1.97 
• 177.23 
- 1 $ 0 » 3 C 
- 121 . 5 : 
• 91 . r 


CONDUCTING^ 




I 


i 43>«3 

121 




:t\ _ 







MOPE CHANGE|SCl),S(45,P(i) 


0.00 
0 , 00 
0,00 
0,00 
0,00 
0,00 
0,00 


74, 

72*13 


I i* 4» 4|«r III III IV iMf fi « 

6,8: 


•I 


1 1* Ip i|i ill li Ip fi «i iM) ill iv iM pi iv ill 1^ 

,DC25,0i»e27 tut CONOOCflWG 


VI iv in «* i* « fli fw « VI m m fi 


70 

67 


> 1*1 

^ W • W 


il 


* m i 

* 1 ,. A » 

6.82 

6,82 

6,82 




4 ,( 

ll^ko 

67 ,62 
87,74 
126,04 
152,38 
176,41 


0,8 

3,58 

4,50 

5.42 

6,36 


■ «)■« vwwip 


*4, 6f 
^ 36,67 
-67,82 
- 97I74 

-126,04 

-152,30 

-176,41 


I'ViiiKiiiPfvipiiilfiiiviVM 

MODE CHAMGR|SC1),S(4),DC1),D1:iC2J are conouctimg 

I • «v IV IV IV IV «* VI' VI V* * IV IIB i(» iV f* IP IV I# «• VI «* VI »v • IP II* W i» IV IV «p IP IP « IV p 


.000598 

,000604 

,000610 

,000616 

,000622 

.000628 

,000634 


0,0 
0^00 
0.00 

t:U 

oloo 

0,00 


02 

69 


9 

63 

25 


6,82 

l:lh 

6,78 

t:V 
If 


,5 

?3 


ivimiVii'liivilVvNiviiiilifiVliilivvfivvilPivviiitiPiPfiiivi 

MODE CHAMGEl6Cl),SC4),DCi) 

I IV IV « VI Ml it VI VI w li IV ii Vi IV VI tV Vi it VI tv Vp III « VI 9» fV « 


197.84 

Uhll 

245,66 
255,64 
262,40 

265.85 
265,95 

ARE*COMDUCTIBG, 


6,82 

: J 

6,78 

6,77 

6.75 

6,74 

6,73 


61.34 

63,05 

63,63 

64,20 

64,77 

65.34 


pt Vi pi Pi VI VI IP pv «• VI vil 

,000640 
,000646 
.000652 
,000658 
,000664 
.000670 
.000676 
,000682 


0, 
0 , 0 { 
0.) 



,00 
0,00 
0,00 
0.00 
0,00 
0,00 
0,00 
0.00 
0,00 
0,00 
0,00 
0.00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0,00 
0 , 0 ' 
0,0 
,00 
,00 
0,00 
0,00 
0,00 
0,00 
OjO' 
0,0 
0,00 


0,00 

2'SS 

0:80 

0,00 

0.00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

0,00 

§;SS 

0,00 

0,00 

0,00 

0,00 

0,00 


Iff 

6,63 

6159 

6,52 

6.48 

6,45 

6,39 

1:11 

6,27 

6,25 

6.23 

6,22 

l;?§ 

6.18 

6.17 
6,16 
6:i6 
6,15 

6.15 

6.15 

6.15 

6.15 
6*15 

6.16 
6.16 

6.17 

6.18 

§42 

6,20 

6,22 



265.95 

265.95 

265.95 

265.95 
265. R5 

265.95 
265,95 

265.95 

265.95 

2§1*^§ 

265.95 

265;95 

265.95 

265.95 

2§§4i 

265.95 

265.95 

265.95 

265.95 
265,95 
265,95 
265,95 
265,95 
265,95 

265.95 

265.95 

265.95 
265,95 

UhU 

265 ,95 

2I5II5 

ip;if 

;! 

265,95 

265.98 


6,72 

6,67 

6.63 

6,59 

6,55 

I4i 

6,48 

6^5 

6,42 

6,39 

6.36 

6,34 

6^31 

6.29 

6.27 

1:11 

6.22 

6,20 

6.19 

6,18 

6,17 

6.16 

6,16 

6.15 

6.15 

1:11 

1:11 

1:11 

t:li 

6.J9 

0 V < 


65,91 

66,48 

70,28 

72,18 

74,07 

75,96 

77,85 

79,73 

ll:|l 

85,36 

§9,10 

90*97 

92,83 

94 Ui 

96,54 

98,39 

100:23 

102,07 

lOliOl 

lof :57 

1 i I V 

lU'.sl 

HS'Si 

Ilf, 45 
ir 




,000688 

.000708 

,000748 

,000768 

.000788 

.000808 

,000828 

,000848 

,000868 

:&pi 

.00,111 


■0"j0§8 

,001088 

flip 


•28 


M 


•00i4< 

.OOlll 


II— 5— 2j 




ii*i«ii*iiiiiiwi*ii»i»ipiii w>»>iiiiigi«iiiti«iMii«»i»«ipMMiriMMi«> -yij ^ ^ nirii' mi-'|p mM’M. fH Mi in film wt' » 

MODE CHANGEjSC2),S(4),DCl), 01.(1) ARE C^E^CfTHG. 

«• mi w IP «p w mu *» Hi ij HP i» » w HP *1 ,m ^ pp *p * *» ,11 ^ ^ pi ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

i2*?f ^22 M! ®*39 401,53 

4a*aI A*ftA i*«l 392,94 

^*£2 !•§! ®*53 381^21 

30*12 2*ftA §*§2 6*§0 366,50 

I2»52 2*32 ^*§7 205,46 6,67 346,99 

^Mf 0*?S t*?l }|f*2E f*ll llf-ll 

kk'aZ a*a 2 §*2? Jfl'ff §»2§ 306,53 

lo*fitt 2 *aa §*«n 137,07 6,64 282, 13 

59,68 0,00 6,68 110,44 6,88 256,02 

11*21 8*22 §«2I ®i»^5 6,91 228*54 

f2*?l 2»29 6.94 53.44 6,94 200,05 

12*11 2*22 §*2Z 23,78 6,97 170,90 

fZ*§l 2*22 §«2§ ^ -ftlg 6i96 I4ll48 

11*1? 2*22 f»!2 ' §»25 -•'■ U2»'i6' 

§f*fi 2*22 W«fc6i«3§ ■i,99':'’ ' 83^3l 

64,30 0,00 6,98 -p.se 6^98 55,31 

fl»ll 2*22 ^*P 6196 28:52 

§!»zl §•22 ®*24 •116.93 6,94 3,27 

52,60 0,00 6,91 . -170,81 6,91 -26,10 

« w iw HI «| HI |» ii IP if «9 ft ip III «p ill «« «P fV •« « IW H» pi fl» |« It I|kl «« ili ill «» 116 PI «» lit fit «6 Hi 9 IP « fW IK f» 9 IP «» fi « I 

MODE CHANaE|S(2),S<4),D(l),DC2),0LClJ IRE COKDUCTIMG 

«K 9 pi 9 PI 9 9 Ip W Ht PI 9 IP pi Hi W IP PI PI PI « wt « fi 9 ft PI PI 9 pi IP 9 HR PI IP «« P» «« IP IP PI IP »!•««»«» IP IP fH IP f 

47,39 0.00 6,91 -192,53 6,27 0,00 

41,11 0,00 6.91 -211,56 5,35 0,00 

|4:6| 0,00 6,91 -227:56 4:i9 0,00 

27,46 0.00 6,91 -240,22 2.85 0,00 

19,88 0,00 6,91 -249,11 1,37 6,00 

9 9 # ii' Wt <• ** «« 66 n 9H Pi P p p HR P «H P «* P P « P P» PI p HR P P Pi 9 fp PI PI HR IP HP PI Pi 9 HP 9 PI P HP 9 *P PI PI P «p ’ 

WOOE CHA*IGE*.5(?) ,S(4) ,6(2) ,DLC1) ARE CORnuCTTNG. 

9:WP'RtPIPPl PiPP**'PlPI^R»'fR PPPRRPP'Ri«lPfRPPPRRPt!i9PPPPPPP9'PiPPPPPp9pPPPi 

12,03 0,00 6,91 -254,67 0,00 0,00 

4,00 0,00 6,88 -256.27 0,00 0,00 

PPPPPPPPPPPPPPPPPPPPPPPPPPPPP9PPPPPPPP9P9P99PPP9PPPP 

M06E CHANGEiS('>),S(4),D(2) ARE CONDUCTING, 

p p p p p p P p P p P P P P P p P P P P p 9 M p p 9 P P P P P P 9 P Hii P 9 P P P P P P PR 9 RR P «f 9 IP P HR 

0,00 0,00 6,85 -256,27 0,00 0,00 

0,00 0.00 6,75 -256.27 0,00 0,00 

0,00 0,00 6,64 -256,27 0,00 0,00 

0,00 0,00 6,54 -256.27 0,00 0,00 

0,00 0,00 6,44 -256,27 0.00 0,00 

0:00 0,00 6.34 -256,27 0.00 0,00 

0,00 0,00 6,24 -256.27 0,00 0.00 


001508 


001514 

001532 

001538 

001544 

ooiiso 

001556 

001562 

001568 

001874 

001580 

001586 

001592 

001598 

001604 

001610 

001616 

001622 


001628 

oolli^ 

001646 

001652 


mni 


001670 

001|90 

001710 

001730 

001750 

001770 

001790 



